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The objective of this study was to investigate the effects of melamine and ether
contents on the curing and performance properties of UF resins as binders for wood
composites. Various UF and UMF resins were synthesized with three different synthesis
procedures. These resins were examined by 13C NMR, rheometer, and other methods and
evaluated as particleboard binders. Three-layer particleboards were prepared with the
resins catalyzed with various catalysts and levels, applied in face and core layers. The
board test results were compared.
Only about half of added melamine had reacted with formaldehyde. UMF resins
were found to be catalyzed with stronger catalysts at suitable levels depending on
melamine levels and on which layer of particleboard the UMF resins are to be applied.
Even catalyzed with a stronger catalyst, the curing rates of UMF resins were still slower,
and storage stabilities were shorter than UF resins, but the pot lives were longer, and
internal bond strength and water resistance were higher. Moreover, resins synthesized
with procedures 2 and 3 showed obviously longer storage times, longer pot lives, and

longer gel times, and the particleboards bonded with these resins showed significant
improvements in internal bond strength and water absorption values but the
formaldehyde contents increased. The increased formaldehyde content test values
indicated that linear methylene-ether groups in UF resins decompose in the hot-pressing
of boards to emit formaldehyde, most of which is not captured back into the UF resin
matrix. Uron-type methylene-ether groups decompose in the hot-pressing of boards to
participate in the curing process and enhance the bonding of boards, but it could also emit
extra formaldehyde which may not be effectively captured by UF resins but more
effectively by UMF resins if the amount of melamine is high enough because of the
increased reactive capacities of melamine.
The results of this research offered a new hypothesis that the linear methyleneether bonds in UF resins might be a major contributor of the high free formaldehyde
contents of particleboards. Decreasing the linear methylene-ether groups contents might
effectively bring down the formaldehyde content of boards.
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CHAPTER I
UF AND UMF RESINS SYNTHESIZED WITH THE TYPICAL SYNTHESIS
PROCEDURE AND EVALUATION AS PARTICLEBOARD BINDERS

Introduction
UF resins are thermosetting resins used for bonding wood composite boards, such
as particleboard (PB), medium density fiberboard (MDF), and interior-grade plywood
(Marra 1992; Pizzi 1994; Sellers 2001). As polymeric condensation products of two
monomers urea and formaldehyde, depending on the synthesis procedures, UF resins
have various condensated structures.
The typical synthesis procedure of UF resins involves three steps which are
alkaline hydroxymethylation step, acidic polymerization step, and alkaline post urea
addition step as shown in Figure 1.1 (Dunky et al. 2002; No and Kim 2007). In the
hydroxymethylation step, up to three formaldehyde molecules are added to one urea
molecule to form various monomeric hydroxymethylureas. The concentration of these
hydroxymethylureas depends on the formaldehyde to urea (F/U) mole ratio and the
reaction pH (Hse et al. 1994). Higher F/U mole ratios usually produce higher
hydroxylmethylated species (De Jong and De Jonge 1952). Although some minor
polymerization reactions might occur in the alkaline step, the majority of polymerization
reaction starts under the acidic condition of pH 4.5, forming mostly methylene-linked
urea species with approximately 10 to 20 units. The polymerization reaction is terminated
1

by adjusting the reaction pH to 7-8 at the target point to avoid resin gelling in the reactor.
Then, some additional urea is added, which helps capture the excessive formaldehyde and
bring down the final F/U mole ratio to the target value. The final UF resin contains
mixtures of linear and branched oligomeric hydroxymethylureas, high molecular weight
polymeric molecules, some monomeric hydroxymethylureas, free formaldehyde, and
urea. During curing of UF resins (the continuation of acidic polymerization process)
induced by adding acidic catalyst, the liquid UF resin becomes an insoluble, hardened
solid with a more or less three-dimensional cross-linked networks.

Figure 1.1

A schematic representation of typical UF resin synthesis
2

UF resins have the advantages of low cost, high dry bond strength, fast curing,
low curing temperature, good water solubility, and light glue line color. However, two
drawbacks of UF resins exist: formaldehyde emission from UF-bonded composite boards
and low water resistance. The poor durability under moisture environment limits their
application to interior and nonstructural uses. The formaldehyde emission from the
boards may come from the following sources (Myers 1985; Tohmura et al. 2000; Park et
al. 2006; No and Kim 2007): (1) UF resins contain free formaldehyde. (2) Breaking down
of hydroxymethylureas and methylene–ether groups of UF resins during hot pressing of
boards to release formaldehyde. (3) Degradation of methylene and methylene–ether
bonds in cured resins due to hydrolysis and aging during the long service lives of boards
to release formaldehyde, especially under high temperature and high moisture conditions.
The formaldehyde released from UF-bonded composite boards is one of the major
components of indoor air pollution (EPA 2009). International Agency for Research on
Cancer (IARC) classified formaldehyde as group 1 “Human Carcinogen” in 2004 (IARC
2004). Many efforts have been made in the past decades to address this problem and the
formaldehyde emission limits from interior particleboard, fiberboard, and hardwood
plywood are becoming more stringent (ANSI/HPVA 2004; ANSI 2009a, 2009b). The
emission levels are specified by the American National Standard (ANSI) voluntary
standards (ANSI A208.1-09, ANSI A208.2-09, and ANSI/HPVA HP-1-04, respectively).
In 2008, the California Air Resources Board (CARB) passed a regulation to lower the
formaldehyde emission levels further for indoor-used composite boards sold in California
(California Air Resources Board 2008). The regulation could indicate a future trend and
may be adopted worldwide.
3

The formaldehyde emission from UF resin-bonded wood composite boards are
due to the reversibility of alkaline hydroxymethylation reaction between urea and
formaldehyde, formaldehyde being always present in UF resins. On one hand, the free
formaldehyde helps resin curing by producing an acid through the reaction with the
ammonium salt catalysts. On the other hand, the formaldehyde may contribute to the
formaldehyde emission from wood composite boards (Park and Jeong 2009). Usually,
higher F/U mole ratios result in higher amounts of free formaldehyde in the resin. Thus,
lowering the F/U mole ratio of resins has been the most effective method to address the
formaldehyde emission problem (Myers 1984; Myers and Koutsky 1990; Que et al.
2007a). The current F/U mole ratio used in the industry has been lowered to 1.05 or less
than 1.0. However, the free formaldehyde in resins is not the only factor that controls the
formaldehyde emission level. Resin blending, hot pressing schedule, board structure, and
post processing should also be considered. On the other hand, low mole ratio UF resins
generally show poorer bond strengths due to the lack of crosslinks in cured resins (Que
2007b). The degree of crosslink formation is directly related to the F/U mole ratio
(Dunky 1998). Under the ideal condition, the F/U mole ratio of 1.0 produces a linear UF
polymer chain without any ether bond, hydroxymethyl group, or branched structure.
However, this curing condition does not really occur in practice. With F/U mole ratios
more than 1.0, the excess formaldehyde would provide crosslink bridges. Therefore, the
synthesis method could be optimized to partially compensate for the loss of performance
properties. For various reasons, a high initial F/U mole ratio (1.8-2.5) is used in the
alkaline hydroxymethylation and acidic polymerization steps to produce oligomeric
hydroxymethylureas. Then the second urea is added to reach to the final mole ratio.
4

Modification of low mole ratio UF resins by some chemicals could change resin
structure, improve resin properties, and reduce the formaldehyde emission (Ebewele et al.
1994; Kim et al. 2006).
UF resins modified with melamine (UMF) have been reported to provide higher
bonding strengths and improved water resistance with reduced formaldehyde emission
from wood composite boards (Weinstabl et al. 2001; Kamoun et al. 2003; Park et al.
2009). The incorporation of melamine with higher functionality (≥3) than that of urea
could provide a more branched network (Tohmura et al. 2001). Moreover, the formation
of more stable methylene bonds between formaldehyde and melamine could decrease the
free formaldehyde content in the resin and also lower the formaldehyde emission
potentials of boards. However, the cost of melamine is higher than urea, 400-450 dollars
vs. 1800-2000 dollars per metric ton (Index Mundi 2012; ICIS 2012). In the past decades,
the research has been focused on lowering the melamine content in melamine-ureaformaldehyde (MUF) resins to reduce the cost while still maintaining the similar
performance properties. Starting from the melamine–formaldehyde resins of about 40
years ago, the melamine to urea weight ratio in MUF resins has been lowered from 100:0
to 30:70 or even lower (Weinstabl et al. 2001; Kamoun et al. 2003; Zanetti and Pizzi
2003). MUF resins are mostly produced as spray-dried powder resins due to limited
stability of liquid MUF resins. On the other hand, the melamine content in ureamelamine-formaldehyde (UMF) resins varies from a few percent up to 15 percent
depending on the target applications. At high melamine levels, the stability of UMF
resins may also become lower due to the poor solubility of melamine in water. Therefore,

5

only low levels of melamine were considered in this study for lower cost and stable liquid
resins.
The reaction mechanisms of UF and UMF resins are very similar. In UMF resins,
melamine replaces part of urea to react with formaldehyde. It was reported that the
copolymerization of urea and melamine could occur through the formation of methylene
bonds and methylene–ether bonds between them (Tomita and Hse 1995). Melamine
could be added at different points during resin synthesis to obtain UMF resins with
different structures. If melamine is added during the first alkaline hydroxymethylation
step of pH 8-9, various monomers such as hydroxymethylureas and
hydroxymethylmelamines are formed. In the following polymerization step, the reaction
is usually carried out in neutral or slightly acidic conditions (pH=6-7) for the methylene
and methylene–ether bonds to form (Kim et al. 2006). However, the polymerization
reaction of hydroxymethylureas needs a more acidic condition (PH < 5.0). Thus, the
UMF resin synthesis method may result in less polymerized UF components. If melamine
is added after acidic polymerization step, melamine reacts with free formaldehyde under
alkaline condition to form various hydroxylmethylmelamines (Zanetti and Pizzi 2003).
Therefore, the copolymerization between urea and melamine may also occur only during
the curing of resin. In this study, UMF resins were synthesized according to the second
approach. The UF components were advanced to a similar degree (controlled by a
Gardner-Holt (G-H) viscometer) before the addition of melamine. The melamine addition
was conducted at the beginning of the third step of the typical procedure under the weak
alkaline condition, before the addition of second urea, to minimize the formation of
dimmers and trimers that could shorten the storage stability of UMF resins.
6

The incorporation of melamine in UF resins could change the resin properties.
The addition of melamine could slow down the pH drop of resin after the addition of
catalyst due to the higher buffer capacity of melamine (Chow 1973; Higuchi et al. 1979).
The current catalyst system (ammonium salts of strong acids) used for UF resins may not
work effectively on UMF resins. UMF resins have been suggested to require longer hot
pressing times and/or higher press temperatures than UF resins (No and Kim 2005).
Under the same hot pressing condition, UMF resins may require a stronger catalyst
system to have a comparable curing speed to UF resins. Therefore, a stronger catalyst and
various catalyst levels were investigated for UMF resins in this study.
The performance of UF and UMF resins greatly depends on their curing
conditions, especially on the degree of cure. The curing behavior of resins has been
studied by differential thermal analysis (Siimer et al. 2003; Park et al. 2006; Siimer et al.
2006), differential scanning calorimetry (Myers and Koutsky 1990; Ebewele 1995; Pizzi
and Panamgama 1995; Kim et al. 2006), and dynamic mechanical analysis (Umemura et
al. 1996; No and Kim 2005). As thermosetting resins, the structural development of UF
resins during curing is accompanied by rheological changes, a low viscosity liquid
changing to a gel, and then to a stiff solid. These changes are very important to the
processing of a thermosetting resin. The structure changes of the resin is reflected in the
dynamic moduli (storage modulus and loss modulus) during curing, measured directly
from a rheometer in the dynamic mechanical analysis (DMA) mode as a function of
temperature or elapsed time. The use of rheometers on investigating rheological
properties of thermosetting wood adhesive resins has been reported before (Halasz et al.
2000, 2001; Pizzi et al. 2005). The 13C Nuclear magnetic resonance (NMR) spectroscopy
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has become a suitable method for the molecular structure characterization of polymers
and has been widely applied to the UF resins (Kim and Amos 1990; Kim 1999, 2000,
2001; Kim et al. 2001, 2003).
The purposes of this study in Chapter 1 were to investigate the effects of
melamine content and catalysts and their levels on the curing and performance properties
of low mole ratio UF and UMF resins as binders for wood composite boards. The typical
UF resin synthesis procedure was used with the following variables: (1). Melamine level
for UMF resins: 2.5% and 5.0% based on the weight of liquid resins; (2). F/U or
F/(U+M) mole ratios: 1.05, 1.15, and 1.25 for control UF resins; 1.05 for UMF resins;
(3). Catalysts and levels: two kinds of catalysts at levels of 0.5, 1.0, 1.5, and 2.0%; (4).
Hot pressing time: 3.0 and 3.5 min.
These resins were studied by general laboratory testing procedures, rheometer,
13

C NMR spectroscopy, and evaluated as particleboard binders. The study is also the

baseline investigation of the effects of methylene-ether groups contents in UF and UMF
resins for wood composite boards. The typical resin synthesis procedure used in this
study was to obtain typical resins with the methylene to methylene-ether group
percentage content ratio at a normal value of about 80:20. In the sequel studies, the
effects of higher methylene-ether group contents induced by modified resin synthesis
procedures on the resin curing, internal bond strength and formaldehyde contents will be
investigated. The results will be reported in the following chapters.
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Materials and Methods
Materials
A formaldehyde solution of 50% concentration obtained from Georgia-Pacific
Corp. (Taylorsville, MS) and reagent-grade urea of 98.0% and melamine of 99.0% were
used for resin syntheses. A sulfuric acid solution of 8% concentration and sodium
hydroxide solution of 4% and 25% concentrations were used as pH adjusters. Loblolly
pine wood particles (face layer and core layer) and a wax emulsion with a 50% solid
content were obtained from Roseburg Forest Products Corp. PB plant (Taylorsville, MS).
The received face layer particles had a moisture content of about 8-9%. The received core
layer particles had a moisture content of about 7-8%. Two types of catalyst were used as
resin curing catalysts. Catalyst A was made by dissolving 50 g ammonium sulfate in 150
g water (25% ammonium sulfate solution in water). Catalyst B is made by dissolving 10
g sulfuric acid and 50 g ammonium sulfate in 140 g water (25% ammonium sulfate and
5.0% sulfuric acid solution in water).
Resin Syntheses
Three control UF resins and two UMF resins were synthesized as shown in Table
1.1.
Table 1.1

Synthesized UF/UMF resins

Resins
UF1.05
UF1.15
UF1.25
2.5%UMF1.05
5.0%UMF1.05

F/U or F/(U+M)
mole ratio
1.05
1.15
1.25
1.05
1.05

Melamine content (%) (based on the
weight of liquid resin)
0
0
0
2.5
5.0
9

Synthesis of urea–formaldehyde-condensates (UFC)
The resin syntheses include two parts. The first part is the synthesis of urea–
formaldehyde-condensate (UFC) and the second part is the synthesis of UF or UMF
resins. For the synthesis of UFC, 1229.3 g formaldehyde solution was added to a flask
and the pH was adjusted to 8.0 by a sodium hydroxide solution of 25% concentration.
The reaction mixture was heated to 70 oC and 278.8 g urea was slowly added to the flask
in 30 minutes. After the addition of urea was complete, the F/U mole ratio reached to 4.5.
The reaction mixture was then heated to and maintained at 90 oC for 30 minutes. During
the urea addition and temperature maintaining periods, a sodium hydroxide solution of
4% concentration was used to maintain the system pH value at 8.0. The reaction mixture
was then cooled to room temperature. The final pH value of the system was adjusted to
8.0. The UFC was stored in a plastic container at room temperature.
Syntheses of control UF resins
The synthesis of the control UF resins with an F/U mole ratio of 1.05 (Resin
UF1.05) was according to the typical UF resin synthesis procedure discussed above,
which involves three reaction steps: alkaline hydroxylmethylation step, weak acidic
polymerization step, and alkaline post urea addition step. In the first step, the UFC was
added to a 2000 mL flask and the pH was adjusted to 8.0 by a 4% sodium hydroxide
solution. The reaction mixture was heated to 70 oC and then the first urea (U1) of 348.4 g
was slowly added to the flask, obtaining an initial F/U1 mole ratio of 2.0. Then, the
temperature was raised to 90 oC and maintained for 30 minutes. During these periods, a
sodium hydroxide solution of 4% concentration was used to maintain the system pH
value at 8.0.
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In the second step, the system pH was adjusted to 4.75 by a sulfuric acid solution
of 8% concentration to start the polymerization. The system’s viscosity began to be
checked every 15 minutes. The viscosity reached the desired Gardner-Holdt (G-H)
viscosity of P-Q in 1 hour and 25 minutes. During this period, the system pH value was
constant at 4.75. In the third step, the system pH was adjusted to 8.0 by a sodium
hydroxide solution of 25% concentration and the second urea (U2) of 567.4 g was added.
The final F/(U1+U2) mole ratio was 1.05. The finished resin was cooled to room
temperature and stored in a plastic container. The final viscosity was I-J by the G-H
scale. UF resins with mole ratios of 1.15 (Resin UF1.15) and 1.25 (Resin UF1.25) were
similarly synthesized at the first and second steps. At the third step, 464.3 g and 376.9 g
second urea was added to obtain UF resins with F/U mole ratios of 1.15 and 1.25,
respectively. The final viscosities were H-I and I-J by the G-H scale, respectively.
Syntheses of UMF resins
The synthesis of the UMF resin with a 2.5% melamine level (Resin
2.5%UMF1.05) was similar to that of UF1.05 resin at the first and second steps. At the
third step, the pH was adjusted to 8.0 by a sodium hydroxide solution of 25%
concentration and 61.4 g melamine (M) was added. The system was maintained at 90 oC
for 60 minutes. A sodium hydroxide solution of 4% concentration was used to maintain
the system pH value at 8.0. Then, 537.9 g second urea (U2) was added. The final
F/(U1+U2+M) mole ratio was 1.05. The finished resin was cooled to room temperature.
The final viscosity was G-H by the G-H scale. The UMF resin with a 5.0% melamine
level (Resin 5.0%UMF1.05) was similarly synthesized using 124.5 g melamine (M) and
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507.5 g second urea (U2). The final F/(U1+U2+M) mole ratio was 1.05. The system was
cooled to room temperature. The final viscosity was G-H by the G-H scale.
Resin Property Measurements
Non-volatile solids content
Non-volatile solids contents were measured by adding 5mL distilled water and a
drop of catalyst to 1 g resin and heating the sample in a convection oven at 105 oC for 3
hours. UF resins were catalyzed with catalyst A and UMF resins were catalyzed with
catalyst B, respectively.
Specific gravity
Specific gravities were measured using a specific gravity balance (Troemner
LLC, NJ).
Gel time
Gel times were measured by heating the resin sample in a glass tube at 100 oC
(boiling water) and stirring continuously until the resin set to solids. Resins UF1.05,
2.5%UMF1.05 and 5.0%UMF1.05 were catalyzed with catalyst A and B at different
levels (0.5%, 1.0%, 1.5%, 2.0%, 2.5%, and 3.0%).
Storage stability
Un-catalyzed Resins UF1.05, 2.5%UMF1.05 and 5.0%UMF1.05 were filled in GH viscosity tubes and placed in a convection oven at 30 oC. Resin viscosities were
checked daily during a 50-day period.
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Pot life
Resin UF1.05 was catalyzed by both catalysts A and B at 0.5% level. Resins
2.5%UMF1.05 and 5.0%UMF1.05 were catalyzed with catalyst B at different levels
(0.5%, 1.0%, 1.5%, and 2.0%). These catalyzed resins were filled in G-H viscosity tubes
and placed in a convection oven at 30oC. Resin viscosities were checked every 15
minutes using the G-H viscometer during a 12-h period.
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C Nuclear Magnetic Resonance (NMR) Spectroscopy
Chemical structure determinations of Resins UF1.05 and 5.0%UMF1.05 were

done by 13C NMR using a Techmag 400-2 NMR Instrument from Spectral Data Services,
Inc., Champaign, IL. . For each NMR test, 2.0 g of resin sample was mixed with 1.0 g of
deuterium oxide. A 12-us pulse-width and a 10-s pulse-delay were used for quantitative
results. About 400 scans were accumulated for each resin sample. Spectra values of urea
carbonyls, melamine triazine carbonyls, and methylenic carbons were integrated under
the same scale factor and quantified as group percentages. Urea carbonyls were separated
to their substitution patterns of free urea, mono-substituted urea, di-/tri-substituted urea,
and cyclic urea.
Gel and Cure Times Measured on the Rheometer
An oscillatory Rheometer (AR1500ex, TA Instruments Corp., DE) equipped with
parallel plates (8mm in diameter) was used. To perform a rheometeric test, the calibration
of zero gap was performed at the desired temperature of 90 oC, 120 oC, 135 oC, and 145
o

C. The resin samples were prepared by adding catalysts to resins. Resin UF1.05 was

catalyzed with catalysts A and B at level of 0.5%. Resins 2.5%UMF1.05 and
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5.0%UMF1.05 were catalyzed with catalyst B at levels of 0.5%, 1.0%, 1.5%, and 2.0%.
One pipette or two pipettes of catalyzed resin was applied to the center of the lower plate.
The upper probe was lowered to reach to a 0.5 mm gap between with the plate. The
volume of the sample was adjusted to fully cover the gap. The time between the resin
catalyzation and sample application was within 5 minutes. The system was balanced at 20
o

C for 10 seconds and then the temperature was raised to the desired temperatures of 90

o

C, 120 oC, 135 oC, and 145 oC in about 50 s. Time sweeps of resin samples were

performed with an oscillatory frequency of 1.0 Hz and strain kept at 1.0%.
Particleboard Manufacturing
Particleboard manufacturing was carried out in the laboratory using the threelayer formatting process. Wood particles were dried to a moisture content of 5% and put
in a laboratory rotary blender. UF and UMF resins were catalyzed with catalysts A and B,
respectively. Wax and catalyzed resins were pumped in successively by a pumping
machine, sprayed on the particles surfaces through an air-atomizing nozzle, and blended
with wood particles in the laboratory rotary blender. The face layer and core layer
particles were blended separately. Each blend of face layer or core layer particles
provided materials for two particleboards. The time taken for each blending was 15
minutes.
The blended particles were weighted and hand-laid on a metal plate within a
wooden frame box of size 24 in × 22 in. A cooking oil spray was applied to the surface of
the metal plate as a releasing agent. A three-layer mat was formed uniformly with a
material weight ratio of top face layer: core layer: bottom face layer of 1:2:1. A flat
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wooden cover of size 24 × 22 in was placed on the surface of the mat within the forming
box and a weight was applied to compact the mat.
Table 1.2

Particleboard manufacturing parameters

Resin content (based on oven-dried wood weight)
Wax content (based on oven-dried wood weight)
Wax solid content
Moisture content of mat
Board dimension
Target board density
Hot press temperature
Hot press time

Table 1.3
Board
number

1
2
3
4
5
6
7
8
9
10
11
12
13
14
15

9.0%
1.0%
50%
8.0%
24 in × 22 in × 0.5 in
50 pcf
350 oF
3 and 3.5 min

Particleboard preparation parameters
Particleboard preparation parameters
Face-layer
Core-layer
Resin
Catalyst
Resin
Catalyst
Type
Mole
Type Level
Type
Mole
Type Level
ratio
(%)
ratio
(%)
1.05
UF
1.05
A
0.5
UF
A
0.5
1.15
1.25
0.5
2.5%
1.0
UF
1.05
A
0.5
UMF
1.05
B
1.5
2.0
0.5
5.0%
1.0
UF
1.05
A
0.5
UMF
1.05
B
1.5
2.0
2.5%
1.05
B
0.5
5.0%
1.05
B
1.0
UMF
UMF
1.0
5.0%
1.05
B
0.5
5.0%
1.05
B
1.0
UMF
UMF
1.0

The mat was then transferred to a Dieffenbacher hot press and pressed at 350 oF
for 3 and 3.5 minutes. The particleboard manufacturing and preparation parameters were
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shown in Table 1.2 and Table 1.3, respectively. The press closing rate was initially 0.5
in/sec to the mat thickness of 1 in and then 0.03 in/sec to reach the target thickness. The
finished boards were marked and cooled to room temperature.
Physical and Mechanical Testing of Particleboards
The boards were trimmed to 22.5 in × 18.5 in and then cut for IB, bending (MOR
and MOE), water soak (TS and WA), and formaldehyde content (FC) tests (Figure 2). All
the IB, bending, and water soak test samples were conditioned at 20 oC and relative
humidity of 60% for one week before test. The formaldehyde content test samples were
cut from one-day aired boards. Then the samples were wrapped in a sealed plastic bag
with edges sealed and put in the refrigerator at 4 oC until they were tested.
Internal bond strength
IB tests of boards were conducted according to ASTM test standard D 1037-06a.
Two surfaces of IB samples were sanded (Coarse 80 and 220) to remove the weak face
layers. Metal blocks with section sizes of 2 in × 2 in were heated on a hot plate. Hot melt
glue was placed onto the blocks and melted. Two surfaces of IB samples were bonded
onto two metal blocks. Eight IB samples from each board were tested with an Instron
machine (Instron Corp., MA) and the values were averaged. The internal bond strength
was recorded with an Instron Recorder.
Static bending strength
Static bending tests of boards were conducted according to ASTM test standard D
1037-06a. An Instron testing machine (Instron Corp., MA) was used for the three-point
static bending test. The samples were placed on the two supporters with the top face of
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the panel up. The span for each test was 12 in. The speed of testing was 0.24 in./min.
Four bending samples were tested from each board and MOE and MOR values were
obtained by averaging.
Water-soak tests
Water soak samples were marked at five points on the surfaces and weighed. The
thicknesses at the five points were recorded. Samples were immersed in water at 20 oC
for 2 and 24 hours. The depth between the water surface and top surface of samples was
1.0 in. The water on samples was removed with paper towel after the test. The weight of
sample and thicknesses at the five points were measured. The calculations for thickness
swelling and water absorption were done according to ASTM test standard D 1037-06a.
Two water soak samples were tested from each board and the values were averaged.
Formaldehyde content measurements
The samples were cut after one-day airing of boards after hot-pressing. Due to an
instrument breakdown, each sample was sealed on the edges with duct tape, wrapped in
saran film, and put in a sealed plastic bag and all samples were kept in the refrigerator at
4oC until tests. Formaldehyde contents were measured after about three months of board
manufacturing. The formaldehyde content decreases of boards during the storage period
appeared minimal and tests were carried out according to the European standard method
(EN120 2001). The detailed test procedure is described in the Appendix C.
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Results and Discussion
General Resin Properties
The synthesized resins showed pH values of 8.0; specific gravity values of 1.2621.271; viscosity values of G-H to I-J by G-H scale; and solid content values of 62.2963.78% (Table 1.4). These test values are generally what were expected from the typical
synthesis procedure. The small property differences would make little differences in
comparing the resins’ bonding performance or formaldehyde emission potential values.
Table 1.4
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General properties of UF and UMF resins

Resins

pH value

Specific gravity

UF1.05
UF1.15
UF1.25
2.5%UMF1.05
5.0%UMF1.05

8.0
8.0
8.0
8.0
8.0

1.262
1.267
1.271
1.269
1.271

Viscosity
(G-H scale)
I-J
H-I
I-J
G-H
G-H

Solid content
(%)
62.29
62.41
62.79
63.32
63.78

C-NMR Results
The 13C-NMR data of Resins UF1.05 and 5.0%UMF1.05 are summarized in

Table 1.5 with the spectra shown in Figures 1.2 and 1.3. Chemical shift values are
assigned to functional groups based on references (Kim and Amos 1990; Kim 1999,
2000, 2001; Kim et al. 2001; 2003): Signals at 47.4, 53.9 and 60.1 ppm are assigned to
the methylenes in Type I, Type II, and Type III, respectively; signals at 69.5, 75.7, and
79.1 ppm are assigned to methylene–ethers in Type I, Type II, and Type III, respectively;
signals at 65.2 and 72.0 ppm are assigned to Type I and II hydroxymethyl groups,
respectively; signals at 83.1, 91.0, and 87.0 ppm belong to formaldehyde species
(methanediol and methanediol’s oligomers); carbonyl peaks at 164.0, 162.2, and 160.7
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are free urea, mono-substituted urea, and di-, tri-substituted ureas, respectively; signals of
cyclic ureas occur in the 155-157 ppm range; signals of free melamine triazine carbons
and mono-, di-substituted melamine triazine carbons are at 167.1-168.1 ppm. The peaks
related to the hydroxymethyl groups are sharper than those of the methylene and
methylene–ether groups due to higher group mobility in the liquid resins (No and Kim
2005).

Figure 1.2
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C NMR Spectra of Resin UF1.05 in water

Figure 1.3
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C NMR Spectra of Resin 5.0%UMF1.05 in water
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Table 1.5

Percentage integration values for various methylenic and carbonyl carbons
of resin samples determined from 13C NMR spectra.

Carbon Groups

Resin UF1.05
(%)
21.38
31.96
43.69
2.97
100.0

Resin 5% UMF1.05
(%)
Free urea
20.04
Monosubstituted urea
35.22
Di, trisubstituted urea
41.29
Cyclic urea
3.45
100.0
Total urea
Free melamine
45.03
Mono, di-sub melamine
54.97
100.0
Total melamine
Free formaldehyde
0.6
0.47
43.3
44.59
Total hydroxylmethyl
Type I
34.46
38.81
Type II
8.84
5.78
17.92
17.82
Total methylene–ether
Type I
11.71
12.2
Type II
4.59
3.68
Type III
1.62
1.92
38.18
37.12
Total methylene
Type I
14.95
15.69
Type II
19.96
17.89
Type III
3.28
3.54
100.0
100.0
Total CH2
1.023
1.038
CH2/CO
1.931
1.915
Degree of polymerization
1. CH2/CO refers to methylenic carbons/carbonyl ratios calculated from the integration
values.
2. Degree of polymerization (DP): DP=1/[1–(methylene+ 0.5 x methylene–ether)/urea].
3. For chemical structures and names of functional groups in the table, refer to articles in
references (Kim 1999, 2000, 2001).
The chemical shift values of urea carbonyl, melamine triazine carbons, and
methylenic carbons in this study were referenced to the free urea peak at 164.0 ppm. An
amount of free urea is present in both Resins UF1.05 and 5.0%UMF1.05. A small peak
present in the spectra at about 50.4 ppm is due to the small amount of methanol in the
resins. In these resins, the free and mono-substituted ureas were derived from the second
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urea, while the di-, tri-substituted ureas and cyclic ureas were from the first urea (Kim et
al. 2003). Free and oligomeric formaldehyde, Types I and II hydroxymethyl groups,
Types I, II, and III methylene groups, and Types I, II, and III methylene–ether groups are
present in both resin samples. For Resin 5.0%UMF1.05, new peaks appeared at 167.1168.1 ppm which were assigned to free and substituted melamines.
Other melamine–formaldehyde components (Types I and II hydroxylmethyl
groups at 65.6 and 71.6 ppm, respectively, Type I methylene group at 47.4 ppm, and
Type I methylene–ether group at 69.5 ppm) are very close with those of the similar UF
components and could not be readily differentiated in the spectra. Therefore, they were
counted with the same type groups of UF components. A small free formaldehyde peak at
83.1 ppm was present in the spectra of both resins. This is due to the reversibility of
hydroxymethylation reaction, the formaldehyde being released during resin
polymerization and the migration of hydroxymethyl groups after the addition of the
second urea. The 13C-NMR of these resins also showed that the calculated F/U mole ratio
(the ratio of the total -CH2- groups to the total of the urea carbonyl and melamine triazine
groups) was only slightly lower than the charged F/U or F/(U+M) mole ratio of 1.05. The
degrees of polymerization of both resins were low probably due to the low F/U or
F/(U+M) mole ratio used.
The 13C-NMR results of Resin 5.0%UMF1.05 showed that about 54.97% of
melamine participated in the reaction leaving 45.03% melamine remained free in the
resin. This is probably due to the low solubility of melamine in the UF reaction mixture,
limited reaction time, and the relatively low concentration of formaldehyde at the point of
melamine addition. The degree of the melamine components that participate in the final
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curing of UMF resin is a question. The curing of UMF resins can occur between two
melamine molecules to form methylene bonds (Pizzi and Panamgama 1995), but
methylene bonds between urea and urea, and between urea and melamine are also likely
to form. Resin UF1.05 and Resin 5.0%UMF1.05 have similar methylene–ether contents.
Since most methylene–ether bonds were formed before the addition of melamine, there
should not be many methylene–ether bonds formed between melamine and urea, or
between melamine and melamine.
The addition of melamine did not affect the total methylene contents much. As
mentioned above, most methylene groups formed in the acidic polymerization step.
Therefore, the substituted melamines in the Resin 5.0%UMF1.05 are likely to form short
chain hydroxymethyl-melamines. This could help explain that Resin 5.0%UMF1.05 has a
slightly higher hydroxylmethyl group content than Resin UF1.05. Moreover, Type I
hydroxylmethyl content increased from 34.46% to 38.81% and Type II hydroxylmethyl
content decreased from 8.84% to 5.78%. Types I and II hydroxylmethyl groups are both
bonded to urea and melamine nitrogen of polymer chain ends (Kim 2000). Type II
hydroxylmethyl group has two hydroxylmethyl groups bonded to one nitrogen while
Type I hydroxylmethyl group has only one hydroxylmethyl group bonded to one
nitrogen. The increased Type I hydroxylmethyl content is likely to come from the
increased amount of mono-substituted urea (increased from 31.96% to 35.22%) or from
hydroxymethyl-melamine. The ratio of substituted and unsubstituted melamines is likely
to affect the stability of Resin 5.0%UMF1.05.
It needs to be noted that in the beginning of the third step of UMF resin synthesis,
after the addition of melamine to the reaction mixture, the viscosity of the reaction
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mixture lowered from P-Q to N-O by G-H scale in 1 hour of reaction. This is probably
due to the migration of hydroxymethyl groups from the polymeric UF components to the
melamine. With the addition of melamine, less post urea was added to the reaction
mixture resulting in a slightly lower free urea content in the Resin 5.0%UMF1.05 than
that in the Resin UF1.05.
Gel Times of Catalyzed Resins Measured at 100 oC
As shown in Table 1.6, UMF resins (Resins 2.5%UMF1.05 and 5.0%UMF1.05)
catalyzed by the same catalyst type and level generally showed longer gel times than
Resin UF1.05; Resin 5.0%UMF1.05 showed longer gel times than Resin 2.5%UMF1.05
indicating that the addition of melamine increases gel times. Resins catalyzed with
Catalyst B showed shorter gel times because of its free sulfuric acid content. But even
with Catalyst B, UMF resins still showed slower curing rates than UF resins. With
increased catalyst levels, the gel times of all resins decreased until the lowest values were
reached.
Table 1.6
Catalyst
Resins
UF1.05
2.5%UMF
1.05
5.0%UMF
1.05

Gel times of UF and UMF resins with different catalysts and levels
0.5%
A
B
131 105
219 187

A
103
201

B
80
172

1.5%
A
B
85
65
179 162

A
86
169

B
64
146

2.5%
A
B
––
––
167 138

A
––
––

B
––
139

223

197

179

184

169

162

168

––

158

204

1%

168

2%

157

3%

Resin Storage Stability
Figure 1.4 shows the storage stability curves of Resins UF1.05, 2.5%UMF1.05,
and 5.0%UMF1.05 at 30oC over a period of 50 days. UMF resins remained clear for a
23

few days and then turned cloudy due to precipitation of low-soluble free melamine or
melamine-formaldehyde reaction products. The precipitation would negatively affect the
resin storage stability. Resin UF1.05 showed higher storage stability than UMF resins.
Resin 2.5%UMF1.05 showed higher stability than Resin 5.0%UMF1.05 indicating that
the storage stability decreases with increased melamine levels.

Figure 1.4

Viscosity increases of UF and UMF resins observed during storage at 30 oC

Currently, the wood composite board manufacturing industry in the U. S. uses
resins with 14-21 days of storage lives. The storage stability of resins measured at 30 oC
in this study corresponds to the storage life of resin in the summer time in the plants. A
lower resin viscosity at the time of spaying means a higher spraying efficiency and more
uniform resin blending, which could help resin bonding. If the viscosity of K by G-H
scale is considered to be the upper limit value for a good spraying, Resin UF1.05 has 31
days storage life; Resin 2.5%UMF1.05 has 24 days; Resin 5.0%UMF1.05 has 19 days.
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The resins synthesized in this study could meet the requirement of most board
manufacturing plants.
Pot Lives of Catalyzed Resins
Pot life is the time interval from the application of catalyst to the resin to the time
when the viscosity of the resin becomes too high to be applied by spraying. For UF and
UMF resins, pot life could be considered as the time interval during which the viscosity
changes from original value to S by G-H scale. Figure 1.5 shows pot lives of catalyzed
resins measured at 30 oC. UMF resins with a 2.0% level of Catalyst B showed pot lives of
about 3.5 h. As the catalyst level decreased, the pot lives of UMF resins increased. UMF
resins with a 0.5% level of Catalyst B showed the longest pot lives (10.5 h). Resin
UF1.05 gelled in 15 minutes with the addition of a 0.5% level of Catalyst B indicating
that catalyst B is not appropriate for UF resin because of its stronger acidity.
In board manufacturing plants, an interval of 30 min is usually required from the
time point of resin catalyzation to when the board is hot pressed. Longer pot life times are
usually desired because they provide more flexibility for mat forming process. However,
longer pot lives may also be an indication of lower curing rates. In this study, UMF resins
catalyzed with 1.0% to 1.5% levels of Catalyst B have comparable pot lives with Resin
UF1.05 catalyzed with 0.5% level of Catalyst A.
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Figure 1.5

Pot lives of catalyzed UF and UMF resins with different catalysts and
levels

Gel and Cure Times of Catalyzed Resins Measured on the Rheometer
Figure 1.6 show typical curves of storage modulus, loss modulus, and tan δ vs.
elapsed time for UF and UMF resins under isothermal conditions. The curing of UF and
UMF resins involves the transformation of a low molecular weight resin from the liquid
state to solids due to crosslinking. The storage modulus curve in Figure 1.6 can to be
divided into three regions. In the first region, the storage modulus is below 100 Pa, the
resin being in the liquid state or semi-solid state. With the increase of temperature, the
storage modulus of resin decreased due to thermal softening (Tohmura et al. 2000). In the
second region, the storage modulus started to increase quickly and reach to 106 Pa in
minutes as a result of the crosslinking of thermosetting resin and formation of an infinite
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network. In the third region, the curing slowed down and the storage modulus gradually
reached to the maximum value. The gel time was taken as the time needed to reach the
maximum value of tan δ (point A in figure 6) (Gillman et al. 1974; Laza et al. 1999). At
this point, the elastic and loss modulus of resin sample became equal to indicate the start
of forming infinite polymer network, gel point. The cure time was determined as the time
needed to reach point B which corresponds to the crossing of the slope of storage
modulus curve and the tangent drawn at the storage modulus curve when it reaches the
maximum value.

Figure 1.6

Typical curves of storage modulus, loss modulus, and tan δ vs. elapsed
time for UF and UMF resins under an isothermal condition measured by
the rheometer
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Table 1.7

Gel and cure times obtained under isothermal conditions with different
catalyst levels from the rheometric method

Resin Cat.
type type
UF
1.05

A
B

2.5%
UMF
1.05

B

5.0%
UMF
1.05

B

Cat.
level
(%)
0.5
0.5
0.5
1
1.5
2
0.5
1
1.5
2

90
o
C
186
60
181
123
122
87
176
123
115
96

Gel time (s)
120
135
145
o
o
o
C
C
C
152 128 109
––
––
––
117
102
95
116
88
87
116
87
81
81
81
74
158
102
102
119
95
88
112
96
88
94
91
81

90
o
C
400
137
525
333
333
253
483
325
325
275

Cure time (s)
120
135
145
o
o
o
C
C
C
265 180
––
––
––
––
210
165
130
185
133
140
203
152
140
145
123
117
300
242
215
227
187
157
183
207
120
180
147
135

The gel and cure times of catalyzed resins measured on the rheometer in a DMA
mode are summarized in Table 1.8. The resin sample is heated from room temperature
(20 oC) to target isothermal temperatures (90 oC, 120 oC, 135 oC, and 145 oC) in about 50
s and then held for 25 min. As the isothermal temperature increased, gel and cure times
generally decreased. For the gel times and cure times obtained at the same temperature,
resins with higher catalyst levels tended to display smaller values or faster curing rates.
Resin 2.5%UMF1.05 generally showed shorter gel and cure times than Resin
5.0%UMF1.05 indicating the cure retarding effects of the increasing melamine content,
which also agrees with the results obtained from pot life and gel time tests. Increasing the
isothermal temperature from 90 oC to 120 oC obviously shortened cure times because the
moisture in the resin would be mostly gone at temperature of higher than 100 oC. The
anhydrous condition would promote resin curing.
It needs to be noted that the real curing behaviors of UF and UMF resins during
the hot pressing of particleboards may be somewhat different from the results tested by
28

rheometer due to interference by wood materials and moisture. The hot pressing process
is quite complex because of the involvement of heat and mass transfer, polymerization of
resin liquids, and forming of a densified board (Myers 1983).
Particleboard Mechanical Tests Results
Particleboards bonded with UF1.05 resin in the face layer, and UF and UMF resins in
the core layer
Mechanical properties of three-layer particleboards bonded with Resin UF1.05 in
the face layer, and various UF and UMF resins in the core layer are shown in Table 1.8.
Resin UF1.05 in the face layer was catalyzed with 0.5% level of Catalyst A. Resins
UF1.05, UF1.15, and UF1.25 in the core layer were catalyzed with a 0.5% level of
Catalyst A. Resins 2.5%UMF1.05 and 5.0%UMF1.05 in the core layer were catalyzed
with 0.5-2.0% levels of Catalyst B. UF resins used in the core layer with higher F/U mole
ratios showed higher IB, MOR, and MOE values. For example, IB value increased from
58 psi for Resin UF1.05 to 90.4 psi for Resin UF1.25. UMF resins especially Resin
5.0%UMF1.05 used in the core layer generally showed higher IB, MOR, and MOE
values than Resin UF1.05 used in the core layer. For Resins 2.5%UMF1.05 and
5.0%UMF1.05 catalyzed with Catalyst B in the core layer, highest IB values were
obtained at a catalyst level of 1.0% indicating the optimal catalyst level range for UMF
resins used in the core layer.
As the rheometric measurement results showed, UMF resins with higher Catalyst
B levels showed shorter gel and cure times. The 0.5% Catalyst B level might result in
under-curing of UMF resins in the core layer while the 2.0% Catalyst B level might result
in over-curing of UMF resins in the core layer. The catalyst level gave the similar trends
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on the MOR and MOE values of particleboards with the highest MOR and MOE values
obtained at a Catalyst B level of 1.0% for Resin 2.5%UMF1.05 and of 1.5% for Resin
5.0%UMF1.05. The results showed that if UMF resins are to be used in the particleboard
core layer, a Catalyst B levels of 1.0% to 1.5% would be needed for better bonding
performance.
Particleboards bonded with Resins 2.5%UMF1.05 and 5.0%UMF1.05 in the face layer
and Resin 5.0%UMF1.05 in the core layer
Mechanical properties of three-layer particleboards bonded with Resins
2.5%UMF1.05 and 5.0%UMF1.05 in the face layer and Resin 5.0%UMF1.05 in the core
layer are shown in Table 1.8. Resins 2.5%UMF1.05 and 5.0%UMF1.05 used in the face
layer were catalyzed with 0.5-1.0% levels of Catalyst B. Resin 5.0%UMF1.05 used in the
face layer was catalyzed with a 1.0% level of Catalyst B. Particleboards bonded with
Resin 5.0%UMF1.05 in the core layer showed better mechanical properties especially
higher MOR and MOE values than those discussed above. Resin 5.0%UMF1.05 used in
the face layer showed higher MOR, and MOE values than Resin 2.5%UMF1.05. Resin
5.0%UMF1.05 catalyzed with a 1.0% level of Catalyst B showed higher IB, MOR, and
MOE values than Resin 5.0%UMF1.05 catalyzed with a 0.5% level of Catalyst B in the
face layer. However, Resin 2.5%UMF1.05 catalyzed with a 1.0% level of Catalyst B
showed lower IB, MOR, and MOE values than Resin 5.0%UMF1.05 catalyzed with a
0.5% level of Catalyst B in the face layer. The results indicated that if UMF resins are to
be used in the face layer, the catalyst level should be adjusted to a somewhat lower value
because of the faster heating in face layers than in core layer during hot pressing of
boards.
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Table 1.8

Formaldehyde content and physical property test results of particleboards
Formaldehyde
Content
(mg/100g bd)

Physical properties of particleboards
Average (3.0 and 3.5 min press time)

Board
No.

24 h
Hot press time Density
IB
MOR MOE Thickness
(lbs/ft3) (psi)
(psi) (kpsi)
Swell
3.0
3.5
(%)
min
min
1
7.9
8.0
48.6
58.0
940
141
29.1
2
13.6
12.8
49.7
74.4 1295
180
20.9
3
16.8
15.9
50.8
90.4 1495
202
18.5
4
7.8
7.3
50.6
74.4 1355
182
28.7
5
6.7
6.1
50.8
96.8 1530
215
25.1
6
6.2
6.0
50.5
78.1 1365
183
27.3
7
5.7
5.4
50.4
71.8 1285
185
27.0
8
8.0
7.1
51.2
90.9 1640
227
26.8
9
7.3
6.0
51.5
124.3 1720
235
23.6
10
6.2
5.8
51.3
113.0 1895
250
22.3
11
5.6
5.2
50.8
103.2 1610
222
22.1
12
6.7
6.1
51.7
116.3 1815
262
16.8
13
6.6
5.9
50.9
116.3 1635
225
18.7
127.8 1925
273
16.7
14
7.4
6.8
51.3
15
7.0
5.9
52.0
134.3 2160
299
16.1
Board number refers to the numbers in the previous Table 1.1.

24 h
Water
Absorption
(%)
76.6
58.5
51.2
61.0
61.9
64.9
71.3
68.6
65.3
74.7
73.6
49.6
52.2
41.3
42.0

Particleboard Water-soak Tests Results
Particleboards bonded with UF1.05 resin in the face layer, and UF and UMF resins in
the core layer
Water-soak tests results of three-layer particleboards bonded with Resin UF1.05
in the face layer, and various UF and UMF resins in the core layer are shown in Table
1.8. UF resins used in the core layer with higher mole ratios showed lower TS and WA
values as expected. UMF resins generally showed lower TS and WA values than Resin
UF1.05 used in the core layer but the values were still relatively high compared with
those obtained from Resins UF1.15 and UF1.25 used in the core layer indicating that
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higher melamine contents may be needed for further improvement of water resistance.
Generally, the effects of catalyst level on TS and WA values were not obvious but higher
catalyst levels tended to give higher WA values. The residual acid in cured resins appears
to increase WA and TS values by hydrolytic degradation of chemical bonds (Myers and
Koutsky 1990).
Particleboards bonded with Resins 2.5%UMF1.05 and 5.0%UMF1.05 in the face layer
and Resin 5.0%UMF1.05 in the core layer
Water-soak tests results of particleboards bonded with Resins 2.5%UMF1.05 and
5.0%UMF1.05 in the face layer and Resin 5.0%UMF1.05 in the core layer are shown in
Table 1.8. Replacing the UF resin with the UMF resins in the face layer obviously
improved water resistance and lowered TS and WA values, indicating the better water
resistance properties of UMF resins. Resin 5.0%UMF1.05 used in the face layer showed
lower TS and WA values than Resin 2.5%UMF1.05. Resin 2.5%UMF1.05 catalyzed with
a 1.0% level of Catalyst B showed higher TS and WA values than that catalyzed with a
0.5% level of Catalyst B, but the TS and WA values were similar for Resin
5.0%UMF1.05 catalyzed with 0.5% and 1.0% levels of Catalyst B in the face layer.
Formaldehyde Content Measurement Results
The FC measurement results are shown in Table 1.8. The perforator test used in
this study is widely used in Europe and other countries as a quality control test. The
method measures the total amount of free formaldehyde in the board which is the longterm formaldehyde emission potential of the board. All the boards bonded by Resins
UF1.05, 2.5%UMF1.05, and 5.0%UMF1.05 in the face layer, and Resins UF1.05 and
5.0%UMF1.05 in the core layer met the European Standard emission limit of E1 (Schwab
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et al. 2012). Resin UF1.25 used in the core layer showed the highest FC value. Resin
UF1.15 used in the core layer showed higher FC value than Resin UF1.05. The UMF
resins used in the core layer generally showed lower FC values than Resin UF1.05.
Overall, the incorporation of melamine to UF resins reduces FC in the particleboards,
especially with the increased Catalyst B level. For UMF resins catalyzed by catalyst B,
higher catalyst levels showed lower FC values.
Conclusion
This chapter focused on investigation of the effects of melamine at levels of 2.5%
and 5.0% on the curing behavior of resins synthesized by the typical procedure and the
FC (emission potentials) of particleboard bonded by these resins. The melamine was
chosen to be added at the beginning of the third step of a typical three-step UF resin
synthesis procedure before the addition of the second urea. In this way, about 55% of
added melamine has reacted with formaldehyde to form various
hydroxymethylmelamines as shown in NMR results. The resultant UMF resins showed
adequate storage lives of 19-24 days although somewhat shorter than control UF resins.
The UMF resins, however, needed to be catalyzed with a stronger, free acid-containing
catalyst at appropriate levels depending on the melamine levels and also on which layers
of boards they are to be applied. Even catalyzed with the a stronger catalyst, the curing
rates of UMF resins were still slower than that of control UF resin, but because of their
slow curing behaviors, the catalyzed UMF resins showed adequate pot lives of 3-9 hours
at 30oC, an adequate range for industry board manufacturing processes.
Use of the control UF resin made with an F/U mole ratio of 1.05 in the face layer
and UMF resins with the same mole ratio in the core layer resulted in adequate board
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strength values as well as FC values of 5.6-8.0 mg/100 g board, which can meet E1 class
of European Standards (Schwab et al. 2012). Use of UMF resins in both the face and core
layers of particleboards resulted in slightly lower formaldehyde contents and significantly
improved bond performance and water-soak test values. The higher melamine level in the
UMF resin showed slightly lower FC values in both face and core layers. However, it
needs to be noted that if these resins are to be used in the industry, the FC values of
boards would increase and strength values decrease and longer hot-pressing time would
be needed because of the larger size boards manufactured in the industry.
Overall, the UMF resins used in this study resulted in FC values that can meet E1
class of European standards (Schwab et al. 2012). However, slower curing rates and
shorter storage lives of UMF resins were also observed. Therefore, further improvements
are considered desirable. The test results of this study obtained from typically synthesized
UF and UMF resins will be the baseline values in comparing UF and UMF resins
synthesized with other procedures designed to increase the uron-type methylene-ether
contents, reported in the following chapters.
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CHAPTER II
UF AND UMF RESINS WITH HIGH URON-TYPE METHYLENE-ETHER GROUP
CONTENTS EVALUATED AS PARTICLEBOARD BINDERS

Introduction
The study in this chapter is a sequel of previous study reported in Chapter 1 on
investigation of the effects of melamine and methylene-ether groups contents on the
curing and performance properties of UF/UMF resins as binders for wood composite
boards. Urea formaldehyde (UF) resins are widely used binders for wood composite
boards, such as particleboard (PB), medium density fiberboard (MDF), and interior-grade
hardwood plywood. Currently, North America consumes about 3 billion pounds of UF
resins annually (Harmon et al. 2011). UF resins have the advantages of low cost, high dry
bonding strengthen, fast curing, low curing temperature, water solubility, and light glue
line color. However, two drawbacks are also obvious: formaldehyde emission from UFbonded boards and low water resistance.
The formaldehyde emitted from boards could come from the following sources
(Myers 1985; Tohmura et al. 2000; Park et al. 2006; No and Kim 2007): (1) UF resins
contain a small amount of free formaldehyde; (2) Breaking down of hydroxylmethylureas
and methylene–ether groups during hot pressing of boards releases formaldehyde; (3)
Degradation of methylene and methylene–ether bonds in cured resins due to hydrolysis
and aging during the long service lives of boards, especially under high temperature and
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high moisture conditions. The formaldehyde released from UF-bonded composite boards
is one of the major components of indoor air pollution (EPA 2009). International Agency
for Research on Cancer (IARC) classified the formaldehyde as a group 1 “Human
Carcinogen” in 2004 (IARC 2004). In 2008, the California Air Resources Board (CARB)
imposed a more stringent regulation on formaldehyde emission from interior composite
boards sold in California (California Air Resources Board 2009).
The formaldehyde emission problem could be addressed by lowering the
formaldehyde to urea (F/U) mole ratio of resins (Myers 1984; Myers and Koutsky 1990;
Que et al. 2007). The current F/U mole ratio used in the industry has been lowered to
1.05 or below 1.0. However, low mole ratio UF resins exhibit slow curing behavior and
lower bonding strength due to the lack of cross-link structures (Myers 1984; Pizzi 1994).
Besides F/U mole ratios, the chemical structures of UF resins play a role which is
influenced by the synthesis conditions, such as a different F/U mole ratio in each
synthesis step and system pH (Christjanson et al. 2006). Although UF resins are reaction
products of formaldehyde and urea, they contain a variety of components and structures
depending on the reaction conditions. Different reaction procedures have been used to
synthesize UF resins (Williams 1983; Hse et al. 1994; Gu et al. 1995, 1996; Soulard et al.
1999; Tohmura et al. 2000; Dunky et al. 2002; Park et al. 2003). The typical three-step
(alkaline hydroxymethylation-acidic polymerization-alkaline post urea addition)
procedure is commonly used in syntheses of UF resins.
Other procedures were also reported (Hse et al. 1994; Tohmura et al. 2000). It
was reported that UF resin could be synthesized only under an alkaline condition, but this
method takes a much longer time than usual and the synthesized resins lack methylene
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bonds and branched structures. Although they can gel, they did not provide good
mechanical properties (Christjanson et al. 2002). Stable UF resins could be synthesized
under strong acid conditions (pH=0.5-2.5) (Wiliams 1983). However, this reaction
requires special attention: low temperature synthesis (40-70 oC) and slow addition of
urea. The synthesized resins have obviously different structures and properties from
typical ones (Hse et al. 1994; Gu et al. 1995, 1996; Christjanson et al. 2006): (1) more
methylene bonds; (2) high amount of uron structures; (3) lower bonding strength, lower
resin solubility, lower resin reactivity (longer cure time), and lower formaldehyde
emission. UF resins could also be synthesized under weak acidic conditions (Hse et al.
1994; Christjanson et al. 2006). The synthesized resins have higher degrees of
polymerization and lower formaldehyde emission compared with the typical ones.
However, the storage stabilities of these resins are greatly reduced.
In the first hydroxymethylation step of the typical 3-step UF resin synthesis
procedure, an excess formaldehyde is used at an initial F/U mole ratio range of 1.8-2.5.
The amount of hydroxylmethyl groups increases with the F/U mole ratio. An initial F/U
mole ratio of higher than 2.5 produces highly substituted hydroxylmethylureas. Resin
polymerization proceeds slowly due to the lack of free amide groups. Hse et al. (1994)
used various pH values (pH=8.0, 4.8, 1.0) and initial F/U mole ratios (F/U=4.0, 3.5, 3.0,
2.5) to synthesize UF resins. It was found that UF resins synthesized at lower pH and
lower initial F/U mole ratios had higher molecular weights. UF resins synthesized at
pH=1 had the lowest bond strength and lowest formaldehyde emission among three pH
values used. The cure time was greatly increased. A similar study was conducted by Gu
et al. (1995). Three initial F/U mole ratio and three pH value combinations were used: (1)
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F/U = 2.0, pH=8; (2) F/U = 2.5, pH=4.5; (3) F/U = 3, pH=1. It was found that the
bonding strength and formaldehyde emission values decreased with pH. The second
combination of conditions seemed to be giving a compromise between bond strength and
formaldehyde emission value. Both studies confirmed the formation of uronic structures
in resins under the strong acid conditions. Another study (Soulard et al. 1999) reported
that the preferred pH value for the formation of uron structures is higher than 6 and lower
than 4; uron structures would participate in the curing of UF resin; the UF resin
synthesized under the strong acid condition had the longest gel time, followed by the
alkaline and the weak acid conditions.
The large variety of bonds and groups in UF resins, such as methylene bond,
methylene–ether bond, hydroxylmethyl group, amide group, and cyclic derivatives such
as uron groups means a complex resin structure. With the development of modern
instrumental analysis, most groups could be identified and their quantities approximately
determined. These functional groups obviously influence the resin properties (Carvalho et
al. 2006). Two major bonds that build up UF polymers are methylene and methylene–
ether bonds. The amount of methylene bonds in resins increases as the reaction pH is
lowered, while the amount of methylene–ether bonds increases with increase of reaction
pH (Hse et al. 1994). The condition that more ether bonds are formed is when a high
initial F/U mole ratio is used in the alkaline hydroxymethylation step (Christjanson et al.
2006). Methylene–ether bonds are considered less stable than methylene bonds at high
curing temperatures and could be broken down to release formaldehyde during hot
pressing (Elbert 1995; Tohmura et al. 2000; Park and Jeong 2009; Park et al. 2009). In
the process, methylene–ether bonds may breakdown into methylene bonds. However,
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little information is available on the specific role and behavior of methylene-ether bonds
in liquid and cured UF resins.
UF resins modified with melamine (UMF) have been reported to provide higher
bonding strength and improved water resistance with reduced formaldehyde emission for
wood composite boards (Weinstabl et al. 2001; Kamoun et al. 2003; Park et al. 2009). By
introducing melamine to UF resins, properties of resins, such as reactivity, could be
affected and a more branched network will be formed. Past research on UMF resins was
focused on varying resin synthesis and board manufacturing parameters to maximize the
efficiency of higher cost melamine, such as resin synthesis procedure, melamine level,
melamine addition point, final F/(U+M) mole ratio, catalyst kind and level, hot press time
and temperature, etc.
In our previous study in Chapter 1, UMF resins with melamine content of 2.5%
and 5.0% (based on the weight of resin liquid) were synthesized in a typical 3-step UF
resin synthesis procedure. The melamine addition was made at the beginning of the third
step before the addition of the second urea. The melamine addition levels were chosen to
be relatively low at 2.5% and 5.0%, because of the significantly higher cost of melamine
than urea. The F/U and F/(U+M) mole ratios were chosen to be 1.05 to reach to the E1
class of European Standards on formaldehyde emission (Schwab et al. 2012). A stronger
catalyst containing free sulfuric acid and various catalyst levels were used for the UMF
resins because of their lower curing rates. Different combination of resins, catalysts,
catalyst levels, and face/core layers of three-layer particleboards were used to reduce the
cost of adhesive system. Key results and observations from the study in Chapter 1 are: (1)
UMF resin reduced the formaldehyde emission potential and improved bond strength and
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water resistance of boards with the formaldehyde content (FC) values meeting the E1
class of European standards (Schwab et al. 2012); (2) Slower curing rates, longer pot
lives, and shorter storage lives of UMF resins were also observed. Therefore, further
improvements were considered desirable.
In this study, the typical UF resin synthesis procedure was modified with an
inclusion of a strong acidic reaction step at pH=3.5 in the beginning of resin synthesis
procedure at a high F/U mole ratio of 2.7. The purpose of including this extra step was to
synthesize UF and UMF resins with higher methylene-ether group contents. This
modified procedure thus includes five reaction steps: alkaline hydroxymethylation step,
strong acidic polymerization step, alkaline hydroxymethylation step, weak acidic
polymerization step, and alkaline post urea addition step. The pH values used in each step
were 8.0 - 3.5 - 8.0 - 4.75 - 8.0, respectively. F/U mole ratios in each step were 2.7 - 2.7 2.0 -2.0 - 1.05, respectively. The objective of this study was to investigate the effects of
melamine and high methylene-ether group content on the curing and performance
properties of UF resins as particleboard binders. UF and UMF resins having the same
component formulations as those in Chapter 1 were synthesized. The catalysts and
catalyst levels, particleboards preparation parameters, and other test procedures were
carried out in the same way as those in Chapter 1 to allow us to compare the results from
the two procedures.
Materials and Methods
Materials
A formaldehyde solution of 50% concentration obtained from Georgia-Pacific
Corp. resin plant (Taylorsville, MS) and reagent-grade urea (98.0%) and melamine
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(99.0%) were used for resin syntheses. A sulfuric acid solution of 8% concentration and
sodium hydroxide solutions of 4% and 25% concentrations were used as pH adjusters.
Loblolly pine wood particles (face layer and core layer) and a wax emulsion with a 50%
solid content were obtained from Roseburg Forest Products Corp. PB plant (Taylorsville,
MS). The received face layer particles had a moisture content of about 8-9%. The
received core layer particles had a moisture content of about 7-8%. Two types of catalyst
were used as resin curing catalysts. Catalyst A was made by adding 50 g ammonium
sulfate in 150 g water (25% ammonium sulfate solution in water). Catalyst B was made
by adding 10 g sulfuric acid and 50 g ammonium sulfate in 140 g water (25% ammonium
sulfate and 5.0% sulfuric acid solution in water).
Resin Syntheses
UF control resins with F/U mole ratios of 1.05, 1.15, and 1.25 and UMF resins
having 2.5% and 5.0% melamine levels based on the weight of liquid resins with an
F/(U+M) mole ratio of 1.05 were synthesized (Table 2.1).
Table 2.1

Synthesized UF/UMF resins

Resin
UF1.05e
UF1.15e
UF1.25e
2.5%UMF1.05e
5.0%UMF1.05e

F/U or F/(U+M) mole ratio
1.05
1.15
1.25
1.05
1.05
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Melamine content (%) (based
on the weight of liquid resin)
0
0
0
2.5
5.0

Synthesis of urea–formaldehyde-condensates (UFC)
The resin syntheses include two parts. The first part is the synthesis of UFC and
the second part is the synthesis of UF/UMF resins. For the synthesis of UFC, 1229.3 g
formaldehyde solution was added to a flask and the pH was adjusted to 8.0 by a sodium
hydroxide solution of 25% concentration. The reaction mixture was heated to 70 oC and
278.8 g urea was slowly added to the flask in 30 minutes. The F/U mole ratio reached to
4.5. The reaction mixture was then heated to 90 oC and maintained at this temperature for
30 minutes while the system pH value was maintained at 8.0. The reaction mixture was
then cooled to room temperature. The final pH value was 8.0. The UFC was stored in a
plastic container at room temperature.
Syntheses of control UF resins
The synthesis of UF resin with an F/U mole ratio of 1.05 (Resin UF1.05e)
involved five reaction steps as mentioned above. In the first step, 1508.1 g UFC was
added to a 2-L flask and the pH was adjusted to 8.0. The reaction mixture was heated to
70oC and 185.8 g first urea (U1) was slowly added to the flask reaching to an F/U1 mole
ratio of 2.7. After the addition of U1 was complete, the temperature was raised to 90 oC
and maintained for 30 minutes at pH 8.0.
In the second step, the system pH was lowered to 3.5 by a sulfuric acid solution of
8% concentration to start the polymerization. The system viscosity was checked every 10
minutes. It reached the desired G-H scale viscosity of E-F in about 1 hour. During this
period, the system pH value was constant at 3.5. In the third step, the system pH was
adjusted to 8.0 and 162.7 g second urea (U2) was added to reach to the F/(U1+U2) mole
ratio of 2.0. The reaction mixture was maintained at 90 oC for 20 minutes, reaching to B47

C viscosity by the G-H scale. In the fourth step, the system pH was adjusted to 4.75 by a
H2SO4 solution of 8% concentration. The system viscosity was checked every 5 minutes.
It reached to the desired G-H scale viscosity of P-Q in 20 minutes. During this period, the
system pH value was constant at 4.75.
In the fifth step, the system pH was adjusted to 8.0 and 567.4 g third urea (U3)
was added. The final F/(U1+U2+U3) mole ratio was 1.05. The finished resin was cooled to
room temperature and stored in a plastic container. UF resins of mole ratios of 1.15
(Resin UF1.15e) and 1.25 (Resin UF1.25e) were similarly synthesized in the first four
steps. In the fifth step, 463.6 g and 376.2 g third urea were added for the UF resins of
mole ratios of 1.15 and 1.25, respectively. The final viscosities were H-I and I-J,
respectively.
Syntheses of UMF resins
The synthesis of UMF resin with a 2.5% melamine level (Resin 2.5%UMF1.05e)
was similar to Resin UF1.05e in the first, second, third, and fourth steps. In the fifth step,
the pH was adjusted to 8.0 and 61.4 g melamine (M) was added and the reaction mixture
was maintained at 90 oC for 60 minutes. Then, 537.9 g U3 was added with the final F/(
U1+U2+U3+M) mole ratio reaching to 1.05. The finished resin was cooled to room
temperature and stored in a plastic container. The final viscosities were G-H by the G-H
scale. The UMF resin with a 5.0% melamine level (Resin 5.0%UMF1.05e) was similarly
synthesized except that the amounts of melamine and U3 were 124.5 and 507.7 g,
respectively. The final viscosities were G-H by the G-H scale.
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Resin Property Measurements
Non-volatile solids contents
Non-volatile solids contents were measured by adding 5mL distilled water and a
drop of catalyst to 1 g resin and heating the mixture in a convection oven at 105 oC for 3
hours. UF resins were catalyzed with catalyst A and UMF resins were catalyzed with
catalyst B, respectively.
Specific gravity
Specific gravities were measured using a specific gravity balance (Troemner
LLC, NJ).
Gel time
Gel times were measured by heating a resin sample in a glass tube at 100 oC
(boiling water) and stirring continuously until the resin set to solids. Resins UF1.05e,
2.5%UMF1.05e and 5.0%UMF1.05e were catalyzed with catalyst A and B at different
levels (0.5%, 1.0%, 1.5%, 2.0%, 2.5%, and 3.0%).
Storage stability
Uncatalyzed Resins UF1.05e, 2.5%UMF1.05e and 5.0%UMF1.05e were filled in
G-H viscosity tubes and placed in a convection oven at 30 oC. Resin viscosities were
checked daily during a 50-day period.
Pot life
Resin UF1.05e was catalyzed with catalysts A and B at a 0.5% levels. Resins
2.5%UMF1.05e and 5%UMF1.05e were catalyzed with catalyst B at various levels
(0.5%, 1.0%, 1.5%, and 2.0%). The catalyzed resins were filled in G-H viscosity tubes
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and placed in a convection oven at 30oC. Resin viscosities were checked every 15
minutes using the G-H viscometer during a 12-h period.
13

C Nuclear Magnetic Resonance (NMR) Spectroscopy
Chemical structure determinations of Resins UF1.05e and 5.0%UMF1.05e were

done by 13C NMR using a Techmag 400-2 NMR Instrument from Spectral Data Services,
Inc., Champaign, IL. For each NMR test, 2.0 g of resin sample was mixed with 1.0 g of
deuterium oxide. A 12-us pulse-width and 10-s pulse-delays were used for quantitative
results. About 400 scans were accumulated for each resin sample. Spectral values of urea
carbonyls, melamine triazine carbonyls, and methylenic carbons were integrated under
the same scale factor and quantified as group percentages. Urea carbonyls were separated
according to their substitution patterns of free urea, mono-substituted urea, di-/trisubstituted urea, and cyclic urea.
Gel and Cure Times Measured on the Rheometer
An oscillatory rheometer (AR1500ex, TA Instruments Corp., DE) with parallel
plates (8mm in diameter) was used. The calibration of zero gap was performed at the
desired temperature of 90 oC, 120 oC, 135 oC, and 145 oC. Resin UF1.05e was catalyzed
with catalysts A and B at a level of 0.5%. Resins 2.5%UMF1.05e and 5%UMF1.05e
were catalyzed with catalyst B at levels of 0.5%, 1.0%, 1.5%, and 2.0%. A pipette or two
pipettes of catalyzed resin was applied to the center of the lower plate. The upper probe
was lowered to leave a 0.5 mm gap between the probe and the lower plate. The volume of
the sample was adjusted to fully cover the gap. The time between the resin catalyzation
and sample application was within 5 minutes. The loaded sample was balanced at 20 oC
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for 10 seconds then the temperature was raised to the target value in about 50 s. Time
sweeps of resin sample were performed with the oscillatory frequency being at 1.0 Hz
with a strain of 1.0%.
Particleboard Manufacturing
Particleboard manufacturing was carried out in the laboratory using the threelayer formatting process. Wood particles were dried to a moisture content of 5% and put
in a laboratory rotary blender. UF and UMF resins were catalyzed with catalysts A and B,
respectively. The wax and catalyzed resin were pumped in successively by a pumping
machine to spray on the particles through an air-atomizing nozzle while the particles are
tumbling around in the rotary blender. The face layer and core layer particles were
blended separately. Each blend of face layer or core layer particles provided materials for
two particleboards. The time for each blending was 15 minutes.
The blended particles were weighed and hand-laid on a metal plate within a
wooden frame box of size 24 in × 22 in. A cooking oil spray was applied on the surface
of the metal plate as a releasing agent. A three-layer mat was formed uniformly with a
material weight ratio of top face layer: core layer: bottom face layer of 1:2:1. A flat
wooden cover of size 24 in × 22 in was placed on the surface of mat within the forming
box and a weight was applied to compact the mat.
The mat was then transferred to a Dieffenbacher hot press and pressed at 350 oF
for 3.0 or 3.5 minute. The particleboard manufacturing and preparation parameters were
shown in Table 2.2 and Table 2.3, respectively. The press closing rate was initially 0.5
in/sec to the mat thickness of 1.0 in and then 0.03 in/sec to reach to the target thickness.
The finished boards were marked and cooled to room temperature.
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Table 2.2

Particleboard manufacturing parameters

Resin content (based on oven-dried wood weight)
Wax content (based on oven-dried wood weight)
Wax solid content
Moisture content of mat
Board dimension
Target board density
Hot press temperature
Hot press time

Table 2.3

9.0%
1.0%
50%
8.0%
24 in × 22 in × 0.5 in
50 pcf
350 oF
3 and 3.5 min

Particleboard preparation parameters

Particleboard preparation parameters
Face-layer
Core-layer
Resin
Catalyst
Resin
Catalyst
Type
Mole
Type
Level
Type
Mole
Type Level
ratio
(%)
Ratio
(%)
1
1.05
1.05
A
0.5
UF
A
0.5
UF
2
1.15
(e)
(e)
3
1.25
4
0.5
2.5%
5
1.0
UF
1.05
A
0.5
UMF
1.05
B
6
1.5
(e)
(e)
7
2.0
8
0.5
5.0%
9
1.0
UF
1.05
A
0.5
UMF
1.05
B
10
1.5
(e)
(e)
11
2.0
12
2.5%
0.5
5.0%
UMF
1.05
B
UMF
1.05
B
1.0
13
1.0
(e)
(e)
14
5.0%
0.5
5.0%
UMF
1.05
B
UMF
1.05
B
1.0
15
1.0
(e)
(e)
(e) denotes high “ether” contents of the resins synthesized in this chapter in comparison
with typical resins reported in Chapter 1.
Board
No.

52

Physical and Mechanical Testing of Particleboards
The boards were trimmed to 22.5 in × 18.5 in for density measurement and cut for
IB, bending (MOR and MOE), water soak (TS and WA), and formaldehyde content tests.
All IB, bending, and water soak test samples were conditioned at 20 oC and relative
humidity of 60% for one week before test.
Internal bond strength
IB tests of boards were conducted according to ASTM test standard D 1037-06a.
Two surfaces of IB samples were sanded (Coarse 80 and 220) to remove the weak face
layers. Metal blocks with section sizes of 2 in × 2 in were heated on a hot plate. A hot
melt glue was placed onto the blocks and melted. Two surfaces of IB samples were
bonded onto two metal blocks. Eight IB samples from each board were tested with an
Instron machine equipped with an Instron Recorder (Instron Corp., MA) and the values
were averaged.
Static bending strength
Static bending tests of boards were conducted according to ASTM test standard D
1037-06a. An Instron testing machine (Instron Corp., MA) was used for the three-point
static bending tests. The sample was placed on the two supporters with the top face of the
panel kept up. The span for each test was 12 in. The speed of testing was 0.24 in./min.
Four bending samples were tested from each board and the MOE and MOE values were
obtained by averaging the four values.
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Water-soak tests
Water soak samples were marked with at five points on the surfaces and weighed.
The thicknesses at the five points were recorded. Samples were then immersed in water at
20 oC for 2 and 24 hours. The depth between the water surface and top surfaces of
samples was 1.0 in. When finished, the water on the surface of samples was removed
with paper towel. The weights of samples and the thicknesses at the five points were
measured. The calculations for thickness swelling and water absorption were according to
ASTM test standard D 1037-06a. Two water soak samples were tested from each board
and the values were averaged.
Formaldehyde content measurements
Formaldehyde contents of boards were measured after about three months of hotpressing of boards due to an instrument breakdown. The samples were cut after one-day
airing of boards after hot-pressing and, because of this unexpected waiting period, each
cut sample was sealed on the edges with duct tape, wrapped in saran film, and put in a
sealed plastic bag and all samples were kept in the refrigerator at 4oC until tests. The
formaldehyde content decreases of boards from the long storage appeared minimal and
tests were carried out according to the European standard method (EN120 2001). The
detailed test procedures could be found in Appendix C.
Results and Discussion
General Resins Properties
The specific gravities, solids contents as well as the viscosity values of
synthesized resins (Table 2.4) showed little differences and these values are within the
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normal ranges of industrial values. The small property differences would make little
differences in comparing of resins’ bonding or formaldehyde emission performances.
Table 2.4

General properties of UF and UMF resins

Resin
UF1.05e
UF1.15e
UF1.25e
2.5%UMF1.05e
5.0%UMF1.05e

13

PH value
8.0
8.0
8.0
8.0
8.0

Specific
gravity
1.259
1.261
1.265
1.268
1.272

Viscosity
(G-H scale)
I-J
H-I
I-J
G-H
G-H

Solid content
(%)
62.15
62.69
63.01
63.09
63.69

C NMR Results
The 13C NMR data of Resins UF1.05e and 5.0%UMF1.05e obtained in this study

are summarized in Table 2.5 with the spectra shown in Figures 2.1 and 2.2. Chemical
shift values were assigned to functional groups based on references (Kim and Amos
1990; Kim 1999, 2000, 2001; Kim et al. 2001). The signals at 47.4, 53.9, and 60.1 ppm
are assigned to the methylenes in Type I, Type II, and Type III, respectively; the signals
at 69.5, 75.7, and 79.1 ppm are assigned to methylene–ethers in Type I, Type II, and
Type III, respectively; the signals at 65.2 and 72.0 ppm are assigned to Type I and II
hydroxymethyl groups, respectively. The peaks related to the hydroxymethyl groups are
sharper than those of the methylene and methylene–ether groups due to higher group
mobility (No and Kim 2005). The signals at 83.1, 87.0, and 91.0 ppm belong to
formaldehyde species (methanediol and methanediol’s dimers); The carbonyl peaks at
164.0, 162.2, and 160.7 are free urea, mono-substituted urea, and di-, tri-substituted
ureas, respectively; The signals of cyclic ureas are in the 155-157 ppm range; The signals
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of free melamine triazine carbons and mono-, di-substituted melamine triazine carbons
are at 167.1-168.1 ppm.

Figure 2.1

13

C NMR spectra of Resin UF1.05e in water

Figure 2.2

13

C NMR spectra of Resin 5.0%UMF1.05e in water
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Table 2.5

Percentage integration values for various methylenic and carbonyl carbons
of resin samples determined from 13C NMR spectra
Carbon Groups

Resin UF1.05e (%)

Resin 5.0% UMF1.05e
(%)
Free urea
22.60
21.03
Monosubstituted urea
32.00
34.91
Di, trisubstituted urea
41.27
39.70
Cyclic urea
4.13
4.36
Total urea
100.0
100.0
Free melamine
46.83
Mono, di-sub melamine
53.17
Total melamine
100.0
Free formaldehyde
0.97
0.42
Total hydroxylmethyl
41.86
43.84
Type I
33.72
38.28
Type II
8.14
5.56
Total methylene-ether
19.5
18.60
Type I
11.04
11.71
Type II
4.94
3.90
Type III
3.31
3.04
Total methylene
37.67
37.10
Type I
14.20
15.10
Type II
19.33
18.03
Type III
4.33
3.97
100.0
100.0
Total CH2
CH2/CO
1.024
1.0
Degree of polymerization
1.948
1.856
1. CH2/CO refers to methylenic carbons/carbonyl ratios calculated from the integration
values.
2. Degree of polymerization (DP): DP =1/[1 – (methylene + 0.5 x methylene–ether)urea].
3. For chemical structures and names of functional groups in the table, refer to articles in
references (Kim 1999, 2000, 2001).
The chemical shift values of urea carbonyl, melamine triazine carbons, and
methylenic carbons in this study were referenced to the free urea peak at 164.0 ppm. A
certain amount of free urea is present in both UF and UMF resins. A small peak present
in the spectra at about 50.4 ppm is due to the small amount of methanol in the resins. In
these resins, the free urea and mono-substituted urea were derived from the second urea,
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while the di-, tri-substituted urea and cyclic urea were derived from the first urea (Kim et
al. 2003). Free and oligomeric formaldehyde, Types I and II hydroxymethyl groups,
Types I, II, and III methylene groups, and Types I, II, and III methylene–ether groups are
present in both resin samples. For Resin 5.0%UMF1.05e sample, new peaks appeared at
167.1-168.1 ppm which were assigned to free and substituted melamine.
The other melamine-formaldehyde components (Type I and II hydroxylmethyl
groups at 65.6 and 71.6 ppm, respectively, Type I methylene group at 47.4 ppm, and
Type I methylene–ether group at 69.5 ppm) are very close with those of similar UF
components and could not be readily differentiated in the spectra. Therefore, they were
counted as similar groups of UF components carbons. A small free formaldehyde peak at
83.1 ppm presents in the spectra of both resin samples. This is due to the reversibility of
hydroxymethylation reaction, the formaldehyde being released during resin
polymerization, and the migration of hydroxymethyl groups after the addition of second
urea. The 13C NMR results of these resins also showed that the calculated F/U and
F/(U+M) mole ratios (the ratio of the total -CH2- groups to the total of the urea carbonyl
and the melamine triazine groups) were only slightly lower than the charged values of
1.05. The degrees of polymerization of the resins were low probably due to the low F/U
and F/(U+M) mole ratios used.
The 13C NMR results of Resin 5.0%UMF1.05e showed that about 53.17% of
melamine reacted; the balance 46.83% melamine remained unreacted. This is probably
because of the relatively low concentration of formaldehyde at the melamine addition
point and a short reaction time. The curing of UMF resins result in forming methylene
bonds between melamine components (Pizzi and Panamgama 1995). Therefore, the free
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melamine might still participate in the final curing of resins. Resins UF1.05e and
5.0%UMF1.05e have a slightly lower methylene–ether content. Since most methylene–
ethers were formed before the addition of melamine, there might not be methylene–ether
bonds formed between melamine and urea, or between melamine and melamine.
The addition of melamine did not affect the total methylene content either. As
mentioned above, most methylene groups were formed in the acidic polymerization step.
Therefore, the 53.17% reacted melamine in Resin 5.0%UMF1.05e is likely to be
hydroxylmethyl-melamine with a low substitution degree. This may help explain that
Resin 5.0%UMF1.05e had a slightly higher content of hydroxylmethyl groups than Resin
UF1.05e. Moreover, the content of Type I hydroxylmethyl groups increased from 33.72%
to 38.28% and the content of Type II hydroxylmethyl group decreased from 8.14% to
5.56%. Types I and II hydroxylmethyl groups are both bonded to nitrogen of urea and
melamine polymer chain ends (Kim 2000). Type II hydroxylmethyl group has two
hydroxylmethyl groups bonded to one nitrogen while Type I hydroxylmehtyl group has
only one hydroxylmethyl group bonded to one nitrogen. The increased Type I
hydroxylmethyl groups may come from the increased content of mono-substituted urea
(from 32.0% to 34.91%) and from hydroxylmethyl-melamine. The reacted melamine is
relatively more soluble in solution than melamine and may not negatively affect the resin
stability.
It needs to be noted that the contents of cyclic urea (4.13% and 4.36%) and Type
III methylene-ether groups (3.31% and 3.04%) in both Resins UF1.05e and
5.0%UMF1.05e are obviously higher compared to typical UF and UMF resins in Chapter
1 indicating the formation of uron-type methylene-ether groups (Gu et al. 1995; Soulard
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et al. 1999). This difference could be ascribed to the inclusion of the strong acid reaction
step carried out at a higher F/U mole ratio of 2.7 in the beginning of the reaction.
At the fifth step of UMF resin syntheses, it was observed that after the addition of
melamine, the viscosity of reaction mixture dropped from P-Q to N-O by G-H scale in 1
hour. This could be due to the migration of hydroxymethyl groups from the polymeric
UF resin components to the melamine, probably because of the higher reactivity of
melamine, and stronger bond formed between melamine and formaldehyde than that
formed between urea and formaldehyde. With the addition of melamine, a slightly less
amount of post urea was added to the reaction mixture, resulting in a lower free urea
content in the Resin 5.0%UMF1.05e (21.03%) than that in the Resin UF1.05e (22.6%).

Figure 2.3

Viscosity increases of Resin UF1.05e and Resins 2.5% and 5.0%UMF1.05e
measured during 50-day storage at 30 oC
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Storage Stability
Figure 2.3 shows the viscosity increases of Resins UF1.05e, 2.5%UMF1.05e, and
5.0%UMF1.05e stored at 30 oC over a period of 50 days. The UMF resins remained clear
for about 7-8 days and then turned cloudy because of the precipitation of melamine and
melamine reaction products. Resin UF1.05e shows a higher storage stability than UMF
resins. Resin 2.5%UMF1.05e shows a higher stability than Resin 5.0%EMF1.05e.
Considering the normal industrial values of 14-21 days, Resin UF1.05 has 35 days
storage life; Resin 2.5%UMF1.05 has 28 days; Resin 5.0%UMF1.05 has 23 days. All the
resins synthesized in this study can well meet the industrial requirement.

Figure 2.4

Pot lives of catalyzed UF and UMF resins with different catalysts and
levels
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Gel Times of Catalyzed Resins Measured at 100 oC
Table 2.6 shows gel times of catalyzed resins measured at 100 oC. UMF resins
showed apparently longer gel times than Resin UF1.05e. Resin 5.0%UMF1.05e showed
longer gel times than Resin 2.5%UMF1.05e at all catalyst levels. Resins catalyzed with
Catalyst B showed obviously shorter gel times than those catalyzed by Catalyst A. With
the increase of the catalyst level, gel times of all resins decreased until the lowest values
were reached. The results show that UMF resins gel slower than UF resins and the gel
times of these resins could be adjusted by using different catalyst systems or different
catalyst levels.
Table 2.6

Gel times of UF and UMF resins with different catalysts and levels

Gel and Cure Times of Catalyzed Resins Measured on the Rheometer
The gel and cure times of catalyzed resins measured on the rheometer in the
dynamic mechanical analyzer (DMA) mode are summarized in Table 2.7. As the
isothermal curing temperature increased, gel and cure times of most resins decreased. Gel
and cure times greatly decreased when the isothermal curing temperature increased from
90 oC to 120 oC because of water evaporation that promotes the curing of resin. For the
gel and cure times obtained at the same isothermal temperature, resins at higher catalyst
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levels generally showed smaller values. Resin 2.5%UMF1.05e generally showed shorter
cure times than Resin 5.0%UMF1.05e under the same conditions.

Table 2.7

Gel and cure times obtained under isothermal conditions with different
catalyst levels from the rheometeric method

Resin Cat.
type type
UF
1.05e

A
B

2.5%
UMF
1.05e

B

5.0%
UMF
1.05e

B

Cat.
level
(%)
0.5
0.5
0.5
1
1.5
2
0.5
1
1.5
2

90
o
C
199
74
164
116
95
81
151
116
102
88

Gel time (s)
120 135 145
o
o
o
C
C
C
116 102 102
74
67
––
145 102 109
102 102
95
102
88
88
95
81
81
130
95
95
95
95
95
88
88
81
81
88
88

90
o
C
445
200
467
335
252
254
416
325
267
275

120
o
C
195
146
270
181
193
175
234
193
188
146

Cure time (s)
135
145
o
o
C
C
160 147
––
––
190
158
170
146
175
142
142
122
208
200
186
160
180
135
150
126

Particleboard Mechanical Tests Results
Particleboards bonded with Resin UF1.05e resin in the face layer and UF and UMF
resins in the core layer
Mechanical properties of particleboards bonded with Resin UF1.05e in the face
layers and various UF and UMF resins in the core layer are shown in Table 2.8. Resin
UF1.05e used in the face layer was catalyzed with 0.5% level of Catalyst A. Resins
UF1.05e, UF1.15e, and UF1.25e used in the core layer were catalyzed with 0.5% level of
Catalyst A. Resins 2.5%UMF1.05e and 5.0%UMF1.05e used in the core layer were
catalyzed with 0.5-2.0% levels of Catalyst B. Obviously, the resins synthesized in this
study showed significantly higher bonding performance than previous study in Chapter 1
and it could be ascribed to the uron-type methylene-ether groups that are breaking up
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during the hot-pressing of boards to participate in the curing process and enhance the
bonding of boards. In this study, Resin UF1.25e used in the core layer showed higher IB
values than Resins UF1.05e and UF1.15e. Resins 2.5%UMF1.05e and 5.0%UMF1.05e
used in the core layer showed obviously higher IB values than Resin UF1.05e, and even
some resins showed slightly higher IB values than Resin UF1.25e. For both Resins
2.5%UMF1.05e and 5.0%UMF1.05e, the highest IB values were obtained at 1.0% level
of Catalyst B indicating the optimal catalyst level for UMF resins used in the core layer.
UF resins used in the core layer with higher F/U mole ratios showed higher MOR
and MOE values. The catalyst level showed the similar effect on the MOR and MOE
values as that on the IB values with the highest MOR and MOE values occurred at 1.5%
level of catalyst B indicating the optimal catalyst level range on the board bending
properties.
Particleboards bonded with Resins 2.5%UMF1.05e and 5.0%UMF1.05e in the face layer
and Resin 5.0%UMF1.05e resin in the core layer
Particleboards bonded with Resins 2.5%UMF1.05e and 5.0%UMF1.05e in the
face layer and Resin 5.0%UMF1.05e in the core layer showed better mechanical
properties (Table 2.8). For bending tests, the face layers are subjected to higher stresses
than the core layer and UMF resins used in the face layers with increased bond strength
and thermal stability resulted in higher MOR and MOE values. Higher catalyst level also
showed higher IB and also higher MOR, MOE values for both Resins 2.5%UMF1.05e
and 5.0%UMF1.05e used in the face layer.
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Particleboard Water-soak tests results
Particleboards bonded with Resin UF1.05e in the face layer and UF and UMF resins in
the core layer
Water-soak tests results of particleboards bonded with Resin UF1.05e in the face
layer and UF and UMF resins in the core layer are shown in Table 2.8. UF resins in the
core layer with higher F/U mole ratios showed lower TS and WA values. UMF resins
showed lower TS and WA values than Resin UF1.05e in the core layer but these values
are still higher than Resins UF1.15e and UF1.25e used in the core layer. Although the
melamine improved the water resistance of UF resins, the TS and WS values are still
relatively high. The effect of catalyst level on TS and WA values was similar to that on
IB values. The lowest TS and WA values were obtained at 1.5% and 1.0% levels of
catalyst B for Resins 5.0%UMF1.05e and 2.5%UMF1.05e, respectively.
Particleboards bonded with Resins 2.5%UMF1.05e and 5.0%UMF1.05e in the face layer
and Resin 5.0%UMF1.05e in the core layer
Water-soak tests results of particleboards bonded with Resins 2.5%UMF1.05e
and 5.0%UMF1.05e in the face layer and Resin 5.0%UMF1.05e in the core layer are
shown in Table 2.8. Replacing the UF resin with UMF resins in the face layer showed
obviously improved water resistance. Resin 5.0%UMF1.05e in the face layer showed
lower TS and WA values than Resin 2.5%UMF1.05e. Higher catalyst level showed lower
TS and WA values for both Resins 2.5%UMF1.05e and 5.0%UMF1.05e in the face layer.
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Table 2.8

Formaldehyde emission and physical property test results of particleboards
Formaldehyde
Content
(mg/100g Bd)

Physical properties of particleboards
Average (3.0 and 3.5 min press time)

Board
No.

Hot press time Density
IB
MOR
3
(lbs/ft ) (psi)
(psi)
3.0
3.5
min
min
1
9.5
9.5
50.1
77.9
1160
2
15.4
14.9
50.3
106.9 1203
3
18.0
17.1
50.4
120.4 1268
4
8.4
8.4
50.4
101.7 1313
5
7.6
6.8
50.4
119.4 1470
6
6.7
6.3
50.5
114.0 1769
7
5.9
5.6
50.7
99.2
1302
8
7.2
6.5
50.7
110.7 1710
9
6.5
5.9
51.0
142.9 1879
10
5.7
5.4
50.9
129.1 1930
11
5.4
5.0
51.0
113.3 1623
12
6.8
5.7
51.0
138.4 1809
13
6.6
5.8
51.3
148.2 1901
143.5 2085
14
6.0
6.0
51.5
15
5.8
5.8
51.8
158.9 2141
Board number refers to the numbers in Table 2.1.

24 h
MOE Thickness
(kpsi)
Swell
(%)
170
28.3
197
21.5
197
17.7
213
26.8
211
25.0
278
24.3
232
25.0
226
25.9
244
22.7
289
23.0
227
23.4
266
17.9
287
15.9
271
16.6
294
15.7

24 h
Water
Absorption
(%)
58.1
55.3
48.6
55.9
53.4
51.9
55.7
53.9
51.7
53.9
53.6
44.9
42.0
38.7
38.6

Formaldehyde Content Test Results
The FC test results of particleboards bonded with various UF and UMF resins are
shown in Table 2.8. All the boards bonded by UF resins in the core layer were within the
European standard emission limit of E2 (Schwab et al. 2012) while all the boards bonded
by UMF resins in the core layer reached the emission limit of E1 except those bonded by
Resin UF1.05e in the face layer and Resin 2.5%UMF1.05e catalyzed with 0.5% level of
Catalyst B in the core layer. UF resins showed relatively high FC values. Resin UF1.05e
in both face and core layers of particleboard had FC value of 9.5 mg/100g board. This is
probably due to breakup of uron-type methylene-ether groups during hot-pressing and
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release of formaldehyde. However, the released formaldehyde appeared to be captured
effectively by melamine in UMF resins which showed obvious lower FC values than UF
resins. Particleboards bonded with Resin UF1.05e in the face layer and Resin
2.5%UMF1.05e in the core layer had FC values of 5.6-8.4 mg/100g board while
particleboards bonded with Resin UF1.05e in the face layer and Resin 5.0%UMF1.05e in
the core layer had FC values of 5.0-7.2 mg/100g board. More formaldehyde seemed to be
captured by the increased content of melamine in UMF resins.
Conclusion
The study in this chapter is a sequel of previous study in Chapter 1. Resins in
Chapter 1 were synthesized in a typical three-step procedure and tested as particleboard
binders. In this study, resins were synthesized in a modified typical procedure with
inclusion of a strong acidic reaction step in the beginning at F/U mole ratio of 2.7 to
improve the binder performances and lower the formaldehyde emission potentials of
wood composite boards. The modification has resulted in forming some uron-type
methylene-ether groups as indicated in NMR results and resulted in longer storage lives,
longer gel times, and longer pot-lives of UF and UMF resins. The resultant UF and UMF
resins were tested by bonding three-layer particleboards, which showed adequate IB and
low water-soak test values but the formaldehyde content values were relatively high for
UF resins but effectively decreased for UMF resins, especially with 5.0% melamine
addition levels.
These results indicated that the uron-type methylene-ether groups breakup in the
hot-pressing of boards to participate in the curing process and enhance the bonding of
boards, but the process also release some extra formaldehyde which is not effectively
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captured by free urea in UF resins but relatively well by melamine in UMF resins
because of the increased reactive capacities of melamine. Therefore, the 5.0% melamine
level in UMF resin was concluded to be more effective than 2.5% melamine level in
terms of reducing FC values in boards. It is concluded that the strong acidic reaction step
included in the beginning of the typical resin synthesis procedures would be useful in
improving the board physical properties as well as lowering the formaldehyde emission
potential of particleboards, especially for UMF resins having a 5.0% melamine level or
higher. On the other hand, the curing rates of the UMF resins could be somewhat slower
than those of typical ones reported in Chapter 1. To further study the role that the
methylene-ether groups play during hot-pressing of boards, in a sequel study, a third
synthesis procedure was investigated to obtain UF and UMF resins with higher
methylene-ether group contents to confirm their effects on the bonding properties and FC
values of particleboard. The results are reported in Chapter 3.
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CHAPTER III
UF AND UMF RESINS WITH HIGH URON-TYPE AND LINEAR-TYPE
METHYLENE-ETHER GROUP CONTENTS EVALUATED AS PARTICLEBOARD
BINDERS

Introduction
The study in this chapter is a sequel of previous studies reported in Chapters 1 and
2 on investigation of the effects of melamine and methylene–ether groups contents on the
curing and performance properties of UF resins as binders for wood composite boards.
UF resins are widely used in forest products industry for bonding particleboard (PB),
medium density fiberboard (MDF), and interior-grade plywood for their low cost, high
dry bonding strength, fast curing, easy processing, and light glue line color (Pizzi 1994).
Currently, North America consumes about 3 billion pounds of UF resins annually
(Harmon et al. 2011).
One problem that the board manufacturing industry is currently facing is the
formaldehyde emission during board manufacturing process and uses. The formaldehyde
released from UF-bonded composite boards is one of the major components of indoor air
pollution (EPA 2009). International Agency for Research on Cancer (IARC) classified
the formaldehyde as a group 1 “Human Carcinogen” in 2004 (IARC 2004). In 2008, the
California Air Resources Board (CARB) imposed a more stringent regulation on the
formaldehyde emission from interior composite boards, which lowered the permissible
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formaldehyde emission levels from wood composite boards to less than one half of the
previous vales (California Air Resources Board 2009). The formaldehyde emission from
wood composite boards mainly comes from UF resin binders. A small amount of free
formaldehyde contained in the UF resins as well as the formaldehyde generated from the
reverse reaction of hydroxylmethylation between urea and formaldehyde could be
trapped in boards and diffuse out gradually during long service lives of the boards.
Moreover, the degradation of methylene and methylene–ether bonds in cured UF resins
due to hydrolysis and aging, especially under high temperature and high moisture
conditions could also release formaldehyde (Myers 1985; Tohmura et al. 2000; Park et al.
2006; No and Kim 2007).
The formaldehyde emission level of boards is highly related to the UF resin
structures determined by the resin synthesis conditions. For example, by lowering the F/U
mole ratio, the formaldehyde emission from UF-bonded boards could be greatly reduced
(Myers 1984; Myers and Koutsky 1990; Que et al. 2007). The current F/U mole ratio
used in the industry has been lowered to 1.05 or below 1.0 to meet the permissible
emission level. However, the low mole ratio UF resins usually cure at lower rates and
have poorer bond strengths and water resistance due to the lack of cross-link structures
(Myers 1984; Pizzi 1994). The effects of resin synthesis conditions on the structures and
properties of UF resins have been investigated in a number of studies (Williams 1983;
Hse et al. 1994; Gu et al. 1995, 1996; Soulard et al. 1999; Tohmura et al. 2000; Dunky et
al. 2002; Park et al. 2003). Besides the typically used three-step (alkaline
hydroxylmethylation-acidic polymerization-alkaline post urea addition) procedure, other
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UF resin synthesis procedures were also investigated (Hse et al. 1994; Tohmura et al.
2000).
It was reported that UF resins could be synthesized under alkaline condition using
a prolonged reaction time (Christjanson et al. 2006). The synthesized resins had lower
methylene bond contents and less branched structures, and thus had lower bonding
strengths. UF resins could also be synthesized under strong acidic conditions (pH=0.52.5) at low temperatures (40-70 oC) with slow addition of urea (Williams 1983). The
synthesized resin has obviously different structures and properties from typical UF resins
(Hse et al. 1994; Gu et al. 1995, 1996; Christjanson et al. 2006), such as: (1) higher
contents of methylene bond and uron structures; (2) lower bonding strength, lower water
solubility, lower curing rate, and lower formaldehyde emission. It was also reported that
UF resins synthesized under weak acidic conditions had lower stability than typical UF
resins, but higher degree of polymerization and lower formaldehyde emission values of
boards (Hse et al. 1994).
To synthesize UF resin in a typical way, an excess formaldehyde is usually
charged in the first hydroxylmethylation step in the F/U mole ratio range of 1.8 to 2.5.
Use of an initial F/U mole ratio lower than 1.8 could form unstable resins, since the resin
polymerization reaction goes at a fast rate and result in forming of resin polymer
components with more linear and less branched structures. Use of an initial F/U mole
ratio of higher than 2.5 could produce highly substituted hydroxylmethylureas, but the
resin polymerization reaction proceeds slowly due to lack of free amide groups. Hse et al.
(1994) reported using various pH values (pH=8.0, 4.8, 1.0) and initial F/U mole ratios
(F/U=4.0, 3.5, 3.0, 2.5) to synthesize UF resins. UF resins synthesized at pH=1 provided
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the lowest bond strength and formaldehyde emission and resin curing rates were
significantly lower. A similar study was conducted by Gu et al. (1995), in which three
initial F/U mole ratio and pH combinations were used: (1) F/U = 2.0, pH=8; (2) F/U =
2.5, pH=4.5; (3) F/U = 3, pH=1. It was found that the bonding strength and formaldehyde
emission values of boards decreased for lower pH values and the second combination
was reported to be preferred.
In UF resins, methylene bond, methylene–ether bond, hydroxylmethyl group,
amide group, and cyclic derivatives such as uron structures are present. With the
development of modern instrumental analysis, all these groups could be identified and
their quantities and percentages could be approximately determined. The major bonds
that build up UF polymers are methylene and methylene–ether bonds. It is generally
thought that in the synthesis of UF resins, the amount of methylene bonds increases as the
reaction pH decreases, while the amount of methylene–ether bonds increases with
reaction pH (Gu et al. 1995). More ether bonds could be formed when high initial F/U
mole ratios are used in the alkaline hydroxylmethylation step (Christjanson et al. 2006).
Methylene–ether bonds are considered less stable than methylene bonds at higher
temperatures and may break down to release formaldehyde during hot pressing (Elbert
1995; Tohmura et al. 2000; Park and Jeong 2009; Park et al. 2009). In this process,
methylene–ether bonds convert into methylene bonds, but no detailed information was
available regarding the specific effects of methylene-ether bonds of liquid and cured UF
resins.
In our previous studies in Chapters 1 and 2, various UF and UMF resins were
synthesized using two different procedures. Procedure in Chapter 1 was the typical 3-step
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UF resin synthesis procedure starting with hydroxymethylation step, using an F/U mole
ratio of 2.0 and pH of 8.0 to form various monomeric mono-, di-, and trihydroxymethylureas. The following polymerization step was carried out under a weak
acidic condition of pH 4.75, forming methylene and methylene–ether linked oligomeric
species. In the third step, pH was adjusted to 8.0, the second urea was added to the
system. Reaction mixture was cooled down to room temperature to obtain the finished
resin. The procedure used in Chapter 2 was the typical UF resin procedure used in
Chapter 1 modified with an inclusion of a strong acidic reaction step at pH=3.5 in the
beginning of resin synthesis procedure at a high F/U mole ratio of 2.7. The inclusion of
the extra acidic reaction step resulted in resins that contain uron-type methylene-ether
groups, in addition to methylene and linear methylene-ether groups that are also formed
in the typical resin synthesis procedure in Chapter 1.
The particleboard bonding experiment results indicated that uron-type methyleneether groups breakup during hot-pressing of boards to participate in the curing process
and enhance the bonding of boards, but the process also release some extra formaldehyde
which is not effectively captured by free urea in UF resins but relatively well by
melamine in UMF resins because of the increased reactive capacities of melamine. The
5.0% melamine level in UMF resin was more effective than 2.5% melamine level on
lowering the formaldehyde contents in boards. The UF and UMF resins showed
significantly improved IB strengths and water resistance and also higher storage stability,
longer pot lives, and longer cure times. The formaldehyde content (FC) values were
relatively higher than for typically synthesized resins, but the differences were obviously
lower for UMF resins especially with the 5.0% melamine content.
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To further investigate the effect of uron-type and linear methylene-ether bonds
during hot-pressing of wood composite boards, the procedure in Chapter 2 was modified
by extending the strong acidic reaction step further to reach to a higher viscosity point of
H-I by using a F/U mole ratio of 2.6, instead of a mole ratio 2.7 and E-F viscosity by G-H
scale used in Chapter 2. Other reaction conditions in each step were similar except that in
the fourth step, the polymerization pH changed from 4.75 in Chapter 2 to 5.25, needed
for a better control of viscosity advancement. The UF and UMF resins have the same
component formulations as those in Chapters 1 and 2. The catalysts, catalyst levels,
particleboards preparation parameters, and other test procedures were carried out the
same way as those in Chapters 1 and 2 to allow us to compare the results from the three
resin synthesis procedures. The purpose of this study was to obtain UF and UMF resins
having higher methylene-ether group contents and to see whether the bonded boards will
have proportionally increased formaldehyde contents and bonding strengths.
Materials and Methods
Materials
A formaldehyde solution of 50% concentration obtained from Georgia-Pacific
Corp. resin plant (Taylorsville, MS) and reagent-grade urea (98.0%) and melamine
(99.0%) were used for resin syntheses. A sulfuric acid solution of 8% concentration and
sodium hydroxide solution of 4% and 25% concentrations were used as pH adjusters.
Loblolly pine wood particles (face layer and core layer) and a wax emulsion with a 50%
solid content were obtained from Roseburg Forest Products Corp. PB plant (Taylorsville,
MS). The received face layer particles had a moisture content of about 8-9%. The
received core layer particles had a moisture content of about 7-8%. Two types of catalyst
78

were used as resin curing catalysts. Catalyst A was made by adding 50 g ammonium
sulfate in 150 g water (25% ammonium sulfate solution in water). Catalyst B was made
by adding 10 g sulfuric acid and 50 g ammonium sulfate in 140 g water (25% ammonium
sulfate and 5.0% sulfuric acid solution in water).
Resin Syntheses
UF control resins with an F/U mole ratio of 1.05, 1.15, and 1.25 and UMF resins
having 2.5% and 5.0% melamine levels based on the weight of liquid resins with an
F/(U+M) mole ratio of 1.05 were synthesized (Table 3.1).
Table 3.1

Synthesized UF/UMF resins

Resin

F/U or F/(U+M) mole ratio

UF1.05ee
UF1.15ee
UF1.25ee
2.5%UMF1.05ee
5.0%UMF1.05ee

1.05
1.15
1.25
1.05
1.05

Melamine content (%) (based
on the weight of liquid resin)
0
0
0
2.5
5.0

Synthesis of urea–formaldehyde-condensates (UFC)
Resin syntheses include two parts. The first part is the synthesis of UFC and the
second part is synthesis of UF/UMF resins. For the synthesis of UFC, 1229.3 g
formaldehyde solution was added to a flask and the pH was adjusted to 8.0 by a sodium
hydroxide solution of 25% concentration. The system was heated to 70oC and 278.8 g
urea was slowly added to the flask in 30 minutes. The F/U mole ratio was 4.5. Then, the
reaction mixture was heated to 90 oC and maintained at this temperature for 30 minutes
while the system pH value maintained at 8.0. The reaction mixture was then cooled to
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room temperature. The final pH value of the system was 8.0. The UFC was stored in a
plastic container at room temperature.
Syntheses of control UF resins
The control UF resin with an F/U mole ratio of 1.05 (Resin UF1.05ee) was made
according to the modified five-step resin synthesis method discussed above. In the first
step, 1501.8 g UFC was added to a 2-L flask and the pH was adjusted to 8.0. The system
was heated to 70oC and 203.7 g first urea (U1) was slowly added to the flask. The initial
F/U1 mole ratio was 2.6. Then, the temperature was raised to 90oC and maintained for 30
minutes at pH value of 8.0.
In the second step, the system pH was lowered to 3.5 by a sulfuric acid solution of
8% concentration to start the polymerization. The system viscosity was checked every 10
minutes. The system viscosity reached to the desired G-H scale viscosity of H-I in about
40 minutes. During this period, the system pH value was constant at 3.5. In the third step,
the system pH was adjusted to 8.0 and 144.8 g second urea (U2) was added to reach to an
F/(U1+U2) mole ratio of 2.0. The reaction mixture was maintained at 90 oC for 20
minutes, reaching to D-E viscosity by the G-H scale. In the fourth step, the system pH
was adjusted to 5.25 by a sulfuric acid solution of 8% concentration to restart the
polymerization. The temperature was lowered to 75 oC. The system viscosity was
checked every 5 minutes. The system viscosity reached to the target G-H scale viscosity
of P-Q in 55 minutes. During this period, the system pH was constant at 5.25.
In the fifth step, the system pH was adjusted to 8.0 and 567.4 g third urea (U3)
was added. The final F/(U1+U2+ U3) mole ratio was 1.05. The finished resin was cooled
to room temperature and stored in a plastic container. The final viscosity was a G-H scale
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of G-H. UF resins of mole ratios of 1.15 (Resin UF1.15ee) and 1.25 (Resin UF1.25ee)
were similarly synthesized for the first four steps. At the fifth step, the third urea of 463.6
g and 376.2 g were added for the UF resins of mole ratios of 1.15 and 1.25, respectively.
The final viscosities were G-H and H-I, respectively.
Syntheses of UMF resins
The synthesis of UMF resin with 2.5% melamine level (Resin 2.5%UMF1.05ee)
was similar to Resin UF1.05ee for the first four steps. At the fifth step, the pH was
adjusted to 8.0 and 61.4 g melamine (M) was added and the system was maintained at 90
o

C for 60 minutes. Then, 537.9 g third urea (U3) was added, the final F/( U1+U2+U3+M)

mole ratio reaching to 1.05. The finished resin was cooled to room temperature and
stored in a plastic container. The final viscosity was G-H by the G-H scale. The UMF
resin with 5% melamine level (Resin 5%UMF1.05ee) was similarly synthesized except
that in the fifth step, the amounts of melamine and third urea were 124.5 g and 507.7 g,
respectively. The final viscosity was G-H by the G-H scale.
Resin Property Measurements
Non-volatile solids contents
Non-volatile solids contents were measured by adding 5mL distilled water and a
drop of catalyst to 1 g resin and heating the samples in a convection oven at 105 oC for 3
hours. UF resins were catalyzed with catalyst A and UMF resins were catalyzed with
catalyst B, respectively.
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Specific gravity
Specific gravities were measured using a specific gravity balance (Troemner
LLC, NJ).
Gel time
Gel times were measured by heating a resin sample in a glass tube at 100 oC
(boiling water) and stirring continuously until the resin set to solids. Resins UF1.05ee,
2.5%UMF1.05ee and 5%UMF1.05ee were catalyzed with catalyst A and B at different
levels (0.5%, 1.0%, 1.5%, 2.0%, 2.5%, and 3.0%).
Storage stability
Un-catalyzed Resins UF1.05ee, 2.5%UMF1.05ee and 5.0%UMF1.05ee were
filled in G-H viscosity tubes and placed in a convection oven at 30 oC. Resin viscosities
were checked daily during a 50-day period.
Pot life
Resin UF1.05ee was catalyzed with catalysts A and B at a 0.5% level; Resins
2.5%UMF1.05ee and 5.0%UMF1.05ee were catalyzed with catalyst B at various levels
(0.5%, 1.0%, 1.5%, and 2.0%). The catalyzed resins were filled in G-H viscosity tubes
and placed in a convection oven at 30oC. Resin viscosities were checked every 15
minutes using the G-H viscometer during a 12-h period.
13

C Nuclear Magnetic Resonance (NMR) Spectroscopy
Chemical structure determinations of Resins UF1.05ee and 5.0%UMF1.05ee were

done by 13C NMR using a Techmag 400-2 NMR Instrument from Spectral Data Services,
Inc., Champaign, IL. For each NMR test, 2.0 g of resin sample was mixed with 1.0 g of
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deuterium oxide. A 12-us pulse-width and 10-s pulse-delays were used for quantitative
results. About 400 scans were accumulated for each resin sample. Spectra values of urea
carbonyls, melamine triazine carbonyls, and methylenic carbons were integrated under
the same scale factor and quantified as group percentages. Urea carbonyls were separated
according to their substitution patterns of free urea, mono-substituted urea, di-/trisubstituted urea, and cyclic urea.
Gel and Cure Times Measured on the Rheometer
An oscillatory rheometer (AR1500ex, TA Instruments Corp., DE) with parallel
plates (8mm in diameter) was used. The calibration of zero gap was performed at the
desired temperature of 90 oC, 120 oC, 135 oC, and 145 oC. Resin UF1.05ee was catalyzed
with catalysts A and B at a 0.5% level. Resins 2.5%UMF1.05ee and 5.0%UMF1.05ee
were catalyzed with catalyst B at levels of 0.5%, 1.0%, 1.5%, and 2.0%. A pipette or two
pipettes of catalyzed resin was applied to the center of the lower plate. The upper probe
was lowered to reach to a 0.5 mm gap between the probe and the lower plate. The volume
of the sample was adjusted to fully cover the gap. The time between the resin catalyzation
and sample application was within 5 minutes. The loaded sample was balanced at 20 oC
for 10 seconds then the temperature was raised to the target value in about 50 s. Time
sweeps of resin sample were performed with the oscillatory frequency being kept at 1.0
Hz with a strain of 1.0%.
Particleboard Manufacturing
Particleboard manufacturing was carried out in the laboratory using the threelayer formatting process. Wood particles were dried to a moisture content of 5% and put
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in a laboratory rotary blender. UF and UMF resins were catalyzed with catalysts A and B,
respectively. The wax and catalyzed resin were pumped in successively by a pumping
machine to spray on the particles through an air-atomizing nozzle while the particles are
tumbling around in the rotary blender. The face layer and core layer particles were
blended separately. Each blend of face layer or core layer particles provided materials for
two particleboards. The time for each blending was 15 minutes.
The blended particles were weighed and hand-laid on a metal plate within a
wooden frame box of size 24 in × 22 in. A cooking oil spray was applied on the surface
of the metal plate as a releasing agent. A three-layer mat was formed uniformly with a
material weight ratio of top face layer: core layer: bottom face layer of 1:2:1. A flat
wooden cover of size 24 in × 22 in was placed on the surface of mat within the forming
box and a weight was applied to compact the mat. The mat was then transferred to a
Dieffenbacher hot press and pressed at 350 oF for 3.0 and 3.5 minutes. The particleboard
manufacturing and preparation parameters were shown in Table 3.2 and Table 3.3. The
press closing rate was initially 0.5 in/sec to the mat thickness of 1 in and then 0.03 in/sec
to reach to the target thickness. The finished boards were marked and cooled to room
temperature.
Table 3.2

Particleboard manufacturing parameters

Resin content (based on oven-dried wood weight)
Wax content (based on oven-dried wood weight)
Wax solid content
Moisture content of mat
Board dimension
Target board density
Hot press temperature
Hot press time
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9.0%
1.0%
50%
8.0%
24 in × 22 in × 0.5 in
50 pcf
350 oF
3.0 and 3.5 min

Table 3.3

Particleboard preparation parameters

Particleboard preparation parameters
Face-layer
Core-layer
Resin
Catalyst
Resin
Catalyst
Type
Mole
Type Level Type
Mole
Type Level
ratio
(%)
Ratio
(%)
1
1.05
UF
1.05
A
0.5
UF
A
0.5
2
1.15
(ee)
(ee)
3
1.25
4
0.5
2.5%
5
1.0
UF
1.05
A
0.5
UMF
1.05
B
6
1.5
(ee)
(ee)
7
2.0
8
0.5
5.0%
9
1.0
UF
1.05
A
0.5
UMF
1.05
B
10
1.5
(ee)
(ee)
11
2.0
12
2.5%
0.5
5.0%
UMF
1.05
B
UMF
1.05
B
1.0
13
1.0
(ee)
(ee)
14
5.0%
0.5
5.0%
UMF
1.05
B
UMF
1.05
B
1.0
15
1.0
(ee)
(ee)
(ee) denotes high “ether” contents of the resins synthesized in this chapter in comparison
with resins reported in Chapters 1 and 2.
Board
No.

Physical and Mechanical Testing of Particleboards
The boards were trimmed to 22.5 in × 18.5 in and cut for IB, bending (MOR and
MOE), water soak (TS and WA), and formaldehyde content tests. All IB, bending, and
water soak test samples were conditioned at 20 oC and relative humidity of 60% for one
week before test.
Internal bond strength
IB tests of boards were conducted according to ASTM test standard D 1037-06a.
Two surfaces of IB samples were sanded (Coarse 80 and 220) to remove the weak face
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layers. Metal blocks with section sizes of 2 in × 2 in were heated on a hot plate. A hot
melt glue was placed onto the blocks and melted. Two surfaces of IB samples were
bonded onto two metal blocks. Eight IB samples from each board were tested with an
Instron machine equipped with an Instron recorder (Instron Corp., MA) and the values
were averaged.
Static bending strength
Static bending tests of boards were conducted according to ASTM test standard D
1037-06a. An Instron testing machine was used for the three-point static bending tests.
The sample was placed on the two supporters with the top face of the panel kept up. The
span for each test was 12 in. The speed of testing was 0.24 in./min. Four bending samples
were tested from each board and the MOE and MOR values were obtained by averaging
the four values.
Water-soak tests
Water soak samples were marked at five points on the surfaces and weighed. The
thicknesses of the five points were recorded. Samples were then immersed in water at 20
o

C for 2 and 24 hours. The depth between the water surface and top surfaces of samples

was 1 in. When finished, the water on the surface of samples was removed with paper
towel. The weights of samples and the thicknesses at the five points were measured. The
calculations for thickness swelling and water absorption were according to ASTM test
standard D 1037-06a. Two water soak samples were tested from each board and the
values were averaged.
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Formaldehyde content measurements
Formaldehyde contents of boards were measured after about three months of hotpressing due to an instrument breakdown. The samples were cut after one-day airing of
boards after hot-pressing and, because of this unexpected waiting period, each cut sample
was sealed on the edges with duct tape, wrapped in saran film, and put in a sealed plastic
bag and all samples were kept in the refrigerator at 4 oC until tests. The formaldehyde
content decreases of boards from the long storage appeared minimal and tests were
carried out according to the European standard method (EN120 2001). The detailed test
procedures could be found in Appendix C.
Results and Discussion
General Resin Properties
The specific gravities, solids contents as well as the viscosity values of
synthesized resins showed little differences and these values are within the normal ranges
of industrial values (Table 3.4). The small property differences would make little
differences in comparing of resins’ bonding or formaldehyde emission performances.
Table 3.4

General properties of UF and UMF resins

Resin
UF1.05ee
UF1.15ee
UF1.25ee
2.5%UMF1.05ee
5.0%UMF1.05ee

pH value
8.0
8.0
8.0
8.0
8.0

Specific
gravity
1.259
1.261
1.265
1.268
1.272
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Viscosity
(G-H scale)
I-J
H-I
I-J
G-H
G-H

Solid content
(%)
62.15
62.69
63.01
63.09
63.69

13

C NMR Results
The 13C-NMR data of Resins UF1.05ee and 5.0%UMF1.05ee obtained in this

study are summarized in Table 3.5 with spectra shown in Figures 3.1 and 3.2. Chemical
shift values were assigned to functional groups based on references (Kim and Amos
1990; Kim 1999, 2000, 2001; Kim et al. 2001). The signals at 47.4, 53.9, and 60.1 ppm
are assigned to the methylenes in Type I, Type II, and Type III, respectively; the signals
at 69.5, 75.7, and 79.1 ppm are assigned to methylene–ethers in Type I, Type II, and
Type III, respectively; the signals at 65.2 and 72.0 ppm are assigned to Type I and II
hydroxymethyl groups, respectively. The peaks related to the hydroxymethyl groups are
sharper than those of the methylene and methylene–ether groups due to higher group
mobility (No and Kim 2005). The signals at 83.1, 87.0, and 91.0 ppm belong to
formaldehyde species (methanediol, methanediol’s dimers, and trimers, respectively);
The carbonyl peaks at 164.0, 162.2, and 160.7 are free urea, mono-substituted urea, and
di-, tri-substituted ureas, respectively; The signals of cyclic ureas are in the 155-157 ppm
range; The signals of free melamine triazine carbons and mono-, di-substituted melamine
triazine carbons are at 167.1-168.1 ppm.
The chemical shift values of urea carbonyl, melamine triazine carbons, and
methylenic carbons in this study were referenced to the free urea peak at 164.0 ppm. A
certain amount of free urea is present in both UF and UMF resins. A small peak present
in the spectra at about 50.4 ppm is due to the small amount of methanol in the resins. In
these resins, the free urea and monosubstituted urea are derived from the second urea,
while the di-, tri-substituted urea and cyclic urea are from the first urea (Kim et al. 2003).
Free and oligomeric formaldehydes, Types I and II hydroxymethyl groups, Types I, II,
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and III methylene groups, and Types I, II, and III methylene–ether groups are present in
both the resin samples. For Resin 5.0%UMF1.05ee, new peaks appeared at 167.1-168.1
ppm which were assigned to free and substituted melamine.

Figure 3.1

13

C NMR Spectra of Resin UF1.05ee in water

Figure 3.2

13

C NMR Spectra of Resin 5.0%UMF1.05ee in water
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Table 3.5

Percentage integration values for various methylenic and carbonyl carbons
of resin samples determined from 13C NMR spectra
Carbon Groups

Resin UF1.05ee
Resin 5.0% UMF1.05ee (%)
(%)
Free urea
22.41
21.10
Monosubstituted urea
31.95
35.10
Di, trisubstituted urea
41.79
39.64
Cyclic urea
3.84
4.16
Total urea
100.0
100.0
Free melamine
NA
47.4
Mono, di-sub melamine
NA
52.6
Total melamine
NA
100.0
Free formaldehyde
0.54
0.52
Total hydroxylmethyl
43.95
43.77
Type I
35.88
38.41
Type II
8.07
5.36
Total methylene–ether
20.0
20.2
Type I
12.43
12.92
Type II
4.67
4.03
Type III
2.81
3.23
Total methylene
35.59
35.53
Type I
13.4
14.32
Type II
18.33
17.38
Type III
3.86
3.83
100.0
100.0
Total CH2
CH2/CO
1.026
1.025
Degree of polymerization
1.878
1.879
1. CH2/CO refers to methylenic carbons/carbonyl ratios calculated from the integration
values.
2. Degree of polymerization (DP): DP=1/[1 – (methylene + 0.5 x methylene–
ether)/urea].
3. For chemical structures and names of functional groups in the table, refer to articles in
references (Kim 1999, 2000, 2001).
The other melamine–formaldehyde components (Type I and II hydroxylmethyl
groups at 65.6 and 71.6 ppm, respectively, Type I methylene group at 47.4 ppm, and
Type I methylene–ether group at 69.5 ppm) are very close with those of the similar UF
components and could not be readily differentiated in the spectra. Therefore, they were
counted as similar groups of UF components carbons. A small free formaldehyde peak at
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83.1 ppm presents in the spectra of both resin samples. This is due to the reversibility of
hydroxymethylation reaction, the formaldehyde released during resin polymerization, and
the migration of hydroxymethyl groups after the addition of second urea. 13C-NMR of
these resins also showed that the calculated F/U mole ratios (the ratio of the total -CH2groups to the total of the urea carbonyl and the melamine triazine groups) (1.026 and
1.025 for Resins UF1.05ee and 5.0%UMF1.05ee, respectively) were slightly lower than
the charged F/U mole ratio (1.05). The degrees of polymerization of the resins (1.878 and
1.879) were low probably due to the low mole ratio used.
The 13C-NMR results of Resin 5.0%UMF1.05ee showed that about 52.6% of
melamine participated in the reaction and the balance 47.4% melamine remained in the
resin as free melamine. This is probably because of the low solubility of melamine and
the relatively low concentration of formaldehyde present in the resin system. Curing of
UMF resins occurs between two melamine molecules by forming methylene bonds (Pizzi
and Panamgama 1995). Therefore, the free melamine may still participate in the final
resin curing. Resins UF1.05ee and 5.0%UMF1.05ee have similar methylene–ether
contents (20% and 20.2%, respectively). Most methylene–ether bonds were formed in the
acidic polymerization step and some in minor amount may form between
hydroxymethylmelamines under alkaline condition. However, in this study, the
substitution degree of hydroxymethylmelamines should be very low due to low
formaldehyde concentration in the system at melamine addition point. The methylene–
ether bonds formed between hydroxymethylmelamines or between
hydroxymethylmelamines and hydroxymethylureas could be negligible.
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Since most methylene groups formed in the acidic polymerization step, the
addition of melamine did not affect the total methylene bond content either (35.59% for
Resin UF1.05ee and 35.53% for Resin 5.0%UMF1.05ee). Therefore, the substituted
melamines in Resin 5.0%UMF1.05ee are likely to be monomeric mono- or dihydroxylmethylmelamines. This may help explain that Resin 5.0%UMF1.05ee had a
slightly higher content of hydroxylmethyl groups (43.77%) than that of Resin UF1.05ee
(41.86%). Moreover, the content of Type I hydroxylmethyl groups increased from
35.88% in Resin UF1.05ee to 38.41% in Resin 5.0%UMF1.05ee and the content of Type
II hydroxylmethyl group decreased from 8.07% to 5.36%. Types I and II hydroxylmethyl
groups are both bonded to nitrogens of urea and melamine polymer chain ends (Kim
2000). Type II hydroxylmethyl groups have two hydroxylmethyl groups bonded to one
nitrogen while Type I hydroxylmehtyl groups have only one hydroxylmethyl group
bonded to one nitrogen. The increased content of Type I hydroxylmethyl groups is likely
to come from hydroxymethylmelamines.
Compared with the previous results reported in Chapter 2, the Type I methyleneether group content in this study increased for both UF and UMF resins and the cyclic
urea contents of uron-type methylene-ether groups decrease slightly. The formation of
uron-type methylene-ether groups could be ascribed to the inclusion of the strong acidic
reaction step (Gu et al. 1995; Soulard et al. 1999). However, extending the viscosity to a
higher value of H-I by G-H scale at a lower F/U mole ratio of 2.6 did not increase the
content of uron-type methylene-ether groups. Instead, the content of Type I methyleneether groups increased and these groups were considered to be linear methylene-ether
groups imbedded in the polymer backbone structures.
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During the resin synthesis, it was observed that after the addition of melamine to
the reaction mixture, the viscosity of reaction mixture dropped from P-Q to N-O by G-H
scale in 1 hour. This could be due to the migration of hydroxymethyl groups from the
polymeric UF components to the melamine.

Figure 3.3

Viscosity increases of Resin UF1.05ee, Resins 2.5% UMF1.05ee, and
5.0%UMF1.05ee measured during 50-day storage at 30oC

Storage Stability
Figure 3.3 shows the viscosity increases of resins stored at 30 oC over a period of
50 days. The UMF resins remained clear for more than 10 days and then gradually turned
cloudy due to the precipitation of melamine-formaldehyde reaction products, which could
negatively affect the resin storage stability. If the viscosity of K by G-H scale is
considered as the maximum value for a good spraying, Resin UF1.05ee showed the
highest storage stability of 43 days, Resins 2.5%UMF1.05ee and 5.0%UMF1.05ee
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showed storage stability of 38 and 31 days, respectively. Considering the U. S. wood
composite manufacturing plants use resins within 14-21 days, the storage lives of these
resins are adequate enough.

Figure 3.4

Pot lives of catalyzed UF and UMF resins with different catalysts and
levels

Pot Life
Figure 3.4 shows the pot lives of catalyzed resins measured at 30 oC. With the
increase of catalyst levels, the pot lives of UMF resins decreased. Resin 2.5%UMFee
catalyzed with a 0.5% level of Catalyst B had the longest pot lives (more than 12 hours).
Resin UF1.05ee catalyzed with a 0.5% level of Catalyst B gelled in 3.5 hours indicating
that Catalyst B has stronger catalyzing effect on the UF resin than Catalyst A because of
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the inclusion of free sulfuric acid in Catalyst B. In industrial board manufacturing plants,
a longer pot life is usually desired for a more flexibility for mat forming process.
However, a longer pot life may also indicate lower curing rates. In this study, Resin
5.0%UMF1.05ee catalyzed with 0.5-1.5% levels of Catalyst B have comparable pot lives
to Resin UF1.05 catalyzed with a 0.5% level of Catalyst A.
Gel times of Catalyzed Resins Measured at 100 oC
Table 3.6 shows the gel times of catalyzed resins measured at 100 oC. UMF resins
showed significantly longer gel times than Resin UF1.05ee. Resins 5.0%UMF1.05ee and
2.5%UMF1.05ee showed similar gel times at all catalyst levels. Resins catalyzed by
Catalyst B showed shorter gel times. With increased catalyst levels, the gel times of
resins decreased until the lowest value was reached. Even with the stronger catalyst level
tested, UMF resins still would cure at significantly slower rates than UF resin.
Table 3.6
Catalyst
Resin
UF1.05ee
2.5%UM
F1.05ee
5.0%UM
F1.05ee

Gel times of UF and UMF resins with different catalysts and levels
0.5%
A
B
319 167
598 424

A
287
520

B
142
368

1.5%
A
B
256 112
475 331

A
229
378

B
101
287

2.5%
A
B
197
89
319 233

A
171
287

B
87
208

607

531

374

465

397

256

309

278

199

418

1%

319

2%

247

3%

Gel and Cure Times of Catalyzed Resins Measured on the Rheometer
The gel and cure times of catalyzed resins measured on the rheometer in a
dynamic mechanical analyzer (DMA) mode are summarized in Table 3.7. As the
isothermal curing temperature increased, gel and cure times of most resins decreased as
expected. For the gel and cure times obtained at the same temperature, resins with higher
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catalyst levels generally showed lower values. Resins 2.5%UMF1.05ee and
5.0%UMF1.05ee showed similar gel and cure times at higher temperatures (135 oC and
145 oC). The slow curing effects of increasing melamine content observed in previous
Chapters 1 and 2 were not obviously observed here. However, the results agree with the
results obtained from gel time test results at 100 oC in which Resins 2.5%UMF1.05ee and
5.0%UMF1.05ee had similar gel times. Increasing the isothermal temperature from 90 oC
to 120 oC significantly decreased cure times because of water evaporation that promotes
the curing of resins.
Table 3.7
Resin
type

Gel and cure times obtained under isothermal conditions with different
catalyst levels from the rheometeric method
Cat.
type

UF
1.05ee

A
B

2.5%
UMF
1.05ee

B

5.0%
UMF
1.05ee

B

Cat.
level
(%)
0.5
0.5
0.5
1
1.5
2
0.5
1
1.5
2

90
C
197
86
269
205
180
175
209
199
121
111
o

Gel time (s)
120
135
o
o
C
C
116
107
67
67
136
126
111
114
121
96
96
86
136
106
145
96
130
111
106
101

145
o
C
101
––
106
86
101
81
101
86
91
86

90
o
C
378
211
540
490
490
488
600
490
358
317

Cure time (s)
120
135
o
o
C
C
158 147
119
––
215
220
195
188
196
155
164
132
210
208
230
190
240
180
186
168

145
o
C
135
––
145
115
155
120
180
115
135
118

Particleboard Mechanical Tests Results
Particleboards bonded with Resin UF1.05ee in the face layer, and UF and UMF resins in
the core layer
Mechanical properties of particleboards bonded with Resin UF1.05 in the face
layer, and various UF and UMF resins in the core layer are shown in Table 3.8. Resin
UF1.05ee used in the face layer was catalyzed with a 0.5% level of Catalyst A. Resins
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UF1.05ee, UF1.15ee, and UF1.25ee used in the core layer were catalyzed with a 0.5%
level of Catalyst A. Resins 2.5%UMF1.05ee and 5.0%UMF1.05ee used in the core layer
were catalyzed with 0.5-2.0% levels of Catalyst B. The UF resins used in the core layer
with higher F/U mole ratios showed higher IB, MOR, and MOE values as expected. For
example, IB values increased from 83.0 psi for Resin UF1.05ee to 111.9 psi for Resin
UF1.25ee in the core layer; MOR values similarly increased from 1250 psi to 1416 psi;
and MOE values similarly increased from 164 kpsi to 197 kpsi. UMF resins used in the
core layer showed significantly higher IB, MOR, and MOE values than Resin UF1.05ee.
The incorporation of melamine in UF resins greatly improved mechanical properties. For
both Resins 2.5%UMF1.05ee and 5.0%UMF1.05ee, the highest IB values were obtained
at Catalyst B levels of 0.5-1.0%.
Particleboards bonded with Resins 2.5%UMF1.05ee and 5.0%UMF1.05ee in the face
layer and Resin 5.0%UMF1.05ee in the core layer
Mechanical properties of particleboards bonded with Resins 2.5%UMF1.05ee and
5.0%UMF1.05ee in the face layer and Resin 5.0%UMF1.05ee in the core layer are shown
in Table 3.8. Particleboards bonded with Resins 2.5%UMF1.05ee and 5.0%UMF1.05ee
in the face layer and Resin 5.0%UMF1.05ee in the core layer showed slightly improved
IB values, and obviously improved MOR and MOE values over those bonded with Resin
UF1.05ee in the face layer and Resin 5.0%UMF1.05ee in the core layer. Resin
5.0%UMF1.05ee showed higher IB, MOR, and MOE values than Resin 2.5%UMF1.05ee
when they were used in the face layer. Higher catalyst levels showed slightly lower IB
values for both Resins 2.5%UMF1.05ee and 5.0%UMF1.05ee used in the face layer
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agreeing with the results obtained from particleboards bonded with Resin UF1.05ee in
the face layer and Resin 5.0%UMF1.05ee in the core layer.
Table 3.8

Formaldehyde content and physical property test results of particleboards
Formaldehyde
Content
(mg/100g bd)

Physical properties of particleboards
Average (3.0 and 3.5 min press time)

Board
No.

24 h
Hot press time Density
IB
MOR MOE Thickness
Swell
(lbs/ft3) (psi) (psi) (kpsi)
3.0
3.5
(%)
min
min
1
10.2
10.4
49.8
83.0 1250
164
24.4
2
16.0
15.1
50.2
101.3 1299
177
21.4
3
17.9
17.2
50.4
111.9 1416
197
18.4
4
9.7
9.0
50.2
118.4 1479
198
22.9
5
8.8
7.2
50.4
126.6 1554
202
22.2
6
8.0
6.8
50.5
108.8 1476
231
23.6
7
6.7
5.9
50.7
102.3 1476
214
24.4
8
9.3
7.2
50.4
126.8 1715
235
22.1
9
7.4
6.2
50.6
123.5 1744
246
21.7
10
6.0
5.5
50.8
118.5 1691
227
22.8
11
5.7
5.2
50.8
107.0 1572
216
23.7
12
7.7
6.9
51.2
125.6 1886
264
17.8
13
7.0
6.3
51.0
124.4 1799
270
17.3
51.4
133.3 2117
279
16.2
14
6.8
6.1
15
6.3
5.9
51.8
131.0 2093
278
16.4
Board number refers to the numbers in the previous Table 3.1.

24 h
Water
Absorption
(%)
58.7
58.1
54.6
55.5
53.2
54.0
57.5
52.5
52.0
55.4
58.1
46.5
48.4
43.4
47.6

Generally, the differences of IB values between this study and those reported in
Chapter 2 are relatively small compared with the differences observed between Chapters
1 and 2. Thus, the increased linear methylene-ether group contents in resins synthesized
in this study did not show much improvement on resin internal bond strength.
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Particleboard Water-soak Tests Results
Particleboards bonded with Resin UF1.05ee in the face layer, and UF and UMF resins in
the core layer
Water-soak test results of particleboards bonded with Resin UF1.05ee in the face
layer, and UF and UMF resins in the core layer are shown in Table 3.8. UF resins used in
the core layer with higher mole ratios showed lower TS and WA values. For example, the
TS value decreased from 24.4% for Resin UF1.05ee to 18.4% for Resin UF1.25ee; and
the WA value decreased from 58.7% for Resin UF1.05ee to 54.6% for Resin UF1.25ee.
UMF resins used in the core layer showed lower TS and WA values than Resin UF1.05ee
but still higher TS values than Resins UF1.15ee and UF1.25ee indicating the limited
effect of water resistance improvement of melamine when UMF resins were only used in
the core layer. Generally, the effects of catalyst levels on TS and WA were not obvious
but higher catalyst level tended to have slightly higher TS and WA values. The lowest TS
and WA values for UMF resins used in the core layer were obtained at 1.0% level of
catalyst B for Resin 5.0%UMF1.05e.
Particleboards bonded with Resins 2.5%UMF1.05ee and 5.0%UMF1.05ee in the face
layer and Resin 5.0%UMF1.05ee in the core layer
Water-soak tests results of particleboards bonded with Resins 2.5%UMF1.05ee
and 5.0%UMF1.05ee in the face layer and Resin 5.0%UMF1.05ee in the core layer are
shown in Table 3.8. Compared to the results in the above section of this chapter,
replacing the UF resin with the UMF resins in the face layer resulted in lower TS and
WA values. The results indicated that replacing UF resins with UMF resins in the face
layer could be more effective in improving the water resistance of particleboard. Resin
5.0%UMF1.05ee used in the face layer showed lower TS and WA values than Resin
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2.5%UMF1.05ee. Higher catalyst levels showed similar TS but higher WA values for
both Resins 2.5%UMF1.05ee and 5.0%UMF1.05ee used in the face layer.
Formaldehyde Content Test Results
The FC test results of particleboards bonded with various UF and UMF resins are
shown in Table 3.8. UF resins used in the core layer with higher F/U mole ratios showed
higher FC values as expected. Longer press time generally lowered FC values. UMF
resins used in the core layer showed lower FC values than UF resins. For UMF resins,
higher catalyst levels showed decreased FC values. All the boards bonded with UMF
resins catalyzed with 1.5-2.0% levels of Catalyst B in the core layer could meet the
European standard formaldehyde emission limit of E1 (Schwab et al. 2012). The FC
values in this study showed higher values than those in Chapter 2 and this might be
ascribed to the increased linear methylene-ether group content in resins.
Conclusion
The study in this chapter is a sequel study of the previous studies in Chapters 1
and 2. The study in Chapter 1 synthesized resins in the typical procedure and the study in
Chapter 2 repeated the typical procedure with an inclusion of a strong acidic reaction step
in the beginning at F/U mole ratio of 2.7 to generate uron-type methelene-ether groups.
The study in this chapter repeated the procedure in Chapter 2 with a modification of
extending the acidic reaction step to a higher viscosity point of H-I by using a F/U mole
ratio of 2.6. The obtained resins showed similar uron-type methylene-ether group
contents and higher linear methylene-ether group contents. These resins showed good
storage times, long pot lives, and long gel times. The particleboards bonded with these
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resins did not show much improvement of internal bond strength over those in Chapter 2,
but slightly improved water resistance.
However, the FC values were slightly higher. These results indicated that the
increased linear methylene-ether groups in UF resins decompose in the hot-pressing of
boards to emit formaldehyde. However, unlike uron-type methylene-ether groups, the
decomposition of linear methylene-ether groups appears to be less effective in improving
the internal bond strength of boards. The majority of the emitted formaldehyde is not
captured back into the resin matrix. Thus, it is concluded that the strong acidic reaction
step at an F/U mole ratio of 2.6 included in the beginning of synthesizing of UF and UMF
resins would not improve physical properties or reduce the formaldehyde emission
potentials of particleboards. Based on the results from this study, reducing the linear
methylene-ether group content in resin synthesis appears worthwhile to investigate for
reducing the formaldehyde emission potential of wood composite boards.
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CHAPTER IV
COMPARISON OF PROPERTY AND PARTICLEBOARD TEST RESULTS OF
RESINS SYNTHESIZED WITH THREE SYNTHESIS PROCEDURES

Introduction
In Chapters 1, 2, and 3, UF and UMF resins were synthesized according to three
different procedures. The procedure used in Chapter 1 (Procedure 1) was the typical UF
resin synthesis procedure which includes three steps: alkaline hydroxylmethylation step,
weak acidic polymerization step, and alkaline post urea addition step. The procedure in
Chapter 2 (Procedure 2) repeated the typical procedure with an inclusion of a strong
acidic reaction step in the beginning at F/U mole ratio of 2.7, which includes five steps:
alkaline hydroxymethylation step, strong acidic polymerization step to a viscosity point
of E-F by G-H scale, alkaline hydroxymethylation step, weak acidic polymerization step,
and alkaline post urea addition step. The procedure in Chapter 3 (Procedure 3) repeated
the typical procedure with an inclusion of an acidic reaction step in the beginning of the
typical resin synthesis procedure with a modification of extending the acidic reaction step
to a viscosity point of H-I by G-H scale by using a F/U mole ratio of 2.6. The procedure
also includes five steps: alkaline hydroxylmethylation step, strong acidic polymerization
step, alkaline hydroxylmethylation step, weak acidic polymerization step, and alkaline
post urea addition step. In this chapter, the effects of different synthesis procedures are
compared with respect to the structures and properties of synthesized resins as well as the
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mechanical properties and formaldehyde emission potentials of bonded particleboards. A
comparison of three synthesis procedures is shown in Table 4.1.
Table 4.1

Comparison of three resin synthesis procedures used in Chapters 1, 2, and 3

Resin synthesis steps
Mole ratio in each
step
PH value in each step
Resins synthesized

Procedure 1
3
2.0-2.0-1.05

Procedure 2
5
2.7-2.7-2.0-2.0-1.05

Procedure 3
5
2.6-2.6-2.0-2.0-1.05

8.0-4.75-8.0
8.0-3.5-8.0-4.75-8.0
UF1.05
UF1.05e
UF1.15
UF1.15e
UF1.25e
UF1.25
2.5%UMF1.05e
2.5%UMF1.05
5.0%UMF1.05e
5.0%UMF1.05

8.0-3.5-8.0-5.25-8.0
UF1.05ee
UF1.15ee
UF1.25ee
2.5%UMF1.05ee
5.0%UMF1.05ee

Comparison of Resins’ Properties
General Properties of Resins Synthesized with the Three Synthesis Procedures
The synthesized resins showed pH values of 8.0; specific gravity values of 1.2581.272; viscosity values of G-H to I-J by G-H scale; and solid content values of 62.2963.78%. The test values are generally what were expected from the synthesis procedures
used and also within the normal ranges of industrial values. Also, only small differences
were resulted among resins synthesized from these procedures. These property
differences would make little differences in comparing the resins’ mechanical properties
or formaldehyde emission performance.
13

C NMR Results of Resins Synthesized with the Three Synthesis Procedures
Figures 4.1-4.4 show the percentage values of different groups of resins

synthesized with the three synthesis procedures. Compared with the NMR results of
resins synthesized with procedure 1, resins synthesized with procedure 2 did show some
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differences in NMR results due to the strong acidic reaction step used in resin synthesis:
(1) lower total hydroxylmethyl group contents (Figure 1); (2) higher total methyleneether groups contents, especially higher Type III methylene-ether content (Figure 2); (3)
similar total methylene group contents, but higher Type III methylene contents (Figure
3); (4) higher cyclic urea contents which indicate the uron-type structures of some of the
methylene-ether groups (Figure 4). The differences are generally larger between Resins
UF1.05 and UF1.05e than that between Resins 5.0%UMF1.05 and 5.0%UMF1.05e. This
is probably because the melamine added in the last step of resin synthesis partially
opened up the uron-type methylene-ether structures. The higher Type III methylene-ether
and methylene group contents, and higher cyclic urea contents in resins of procedure 2
indicate more branched structures. These structures are considered to be uron-type
methylene-ether groups formed due to the strong acidic reaction step included in the resin
synthesis procedure (Gu et al. 1995; Soulard et al. 1999).
Compared to the resins of procedure 2, the resins in procedure 3 have: (1) similar
total hydroxylmethyl group contents for UMF resins and higher total hydroxylmethyl
group contents for UF resins (Figure 1); (2) higher total methylene-ether group contents
(Figure 2); (3) lower total methylene group contents (Figure 3); (4) slightly lower cyclic
urea contents of uron-type methylene-ether groups (Figure 4). The differences between
group percentage values in procedures 2 and 3 are small but significant. Resins
synthesized in these two procedures may have similar amount of uron-type methyleneether groups but the resins from procedure 3 have a slightly increased amount of linear
methylene-ether groups that are thought to be imbedded in the resin polymer backbone
structures. Extending the viscosity to a higher value of H-I by G-H scale at a lower F/U
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mole ratio of 2.6 in procedure 3 did not increase the content of uron-type methylene-ether

Percentage integration value (%)

groups. Instead, the content of Type I linear methylene-ether groups was increased.
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of resins synthesized with the three synthesis procedures
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Storage stabilities of resins synthesized with the three synthesis procedures

Storage Stabilities of Resins Synthesized with the Three Synthesis Procedures
Figure 4.5 shows the comparison of storage stabilities among resins synthesized
with the three synthesis procedures. The general trend and range with respect to
melamine addition level and mole ratio are very similar among the resins synthesized
with each procedure. However, resins synthesized with procedure 2 have about 4-6 days
longer storage lives than those synthesized in procedure 1. Resins synthesized with
procedure 3 have about 5-8 days longer storage lives than those synthesized with
procedure 2. The increased content of methylene-ether groups (both uron-type and linear)
might play an important role in increasing the resin storage stability. It is considered that
during resin storage, the viscosity would increase due to formation of methylene bonds.
This reaction is considered as an acid-catalyzed reaction (Kim et al. 2001). However,
methylene-ether groups might retard this acid-catalyzed methylene bond formation
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process, either by slowing down the reaction rate of acid catalysts or by decomposing of
methylene-ether bonds to two hydroxylmethyl groups and break down the resin polymer
chains and thus lower the molecular weight and viscosity.
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Figure 4.6

Pot lives of UF resins synthesized with the three synthesis procedures

Pot Lives of Resins Synthesized with the Three Synthesis Procedures
Figures 4.6 and 4.7 show the comparison of pot lives among resins synthesized
with the three synthesis procedures. For UF resins catalyzed by 0.5% Catalyst A, Resin
UF1.05ee has about 1 h longer pot life than UF1.05e, and UF1.05e has about 2 h longer
pot life than UF1.05. For UF resins catalyzed with 0.5% level of Catalyst B, both Resins
UF1.05e and UF1.05ee have about 2.25 h pot lives which are longer than that of Resin
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UF1.05 at 0.5% level of Catalyst B. For UMF resins catalyzed with Catalyst B, Resins
5.0%UMF1.05, 5.0%UMF1.05e, and 5.0%UMF1.05ee have similar pot lives at lower
catalyst levels (0.5% and 1.0%). At 1.5% and 2.0% levels of Catalyst B, Resins
5.0%UMF1.05e and 5.0%UMF1.05ee have obviously longer pot lives than Resin
5.0%UMF1.05. The results are also ascribed to the increased methylene-ether contents in
resins synthesized with procedures 2 and 3 similarly to the storage stability comparison.

Figure 4.7

Pot lives of UMF resins with 5.0% melamine level synthesized with the
three synthesis procedures

Gel Times of Resins Synthesized with the Three Synthesis Procedures
Figures 4.8 and 4.9 show the comparison of gel times of catalyzed resins
synthesized with the three synthesis procedures. Generally, it has similar trends to those
of storage stability and pot live comparison results. Resins synthesized in procedure 3
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showed the longest gel times. Resins synthesized in procedure 2 have longer gel times
than resins synthesized in procedure 1. These results indicate that the acidic catalysts
would activate the uron-type methylene-ether groups at a slower rate than they activate
hydroxymethyl groups at temperatures lower than 100 oC with the presence of about 40%
water in the resin. Even longer gel times were observed in resins synthesized with
procedure 3 because of their high uron-type methylene-ether groups content as well as
higher linear methylene-ether group content. It is concluded here that the longer storage
stabilities, pot lives, and gel times observed in resins in procedures 2 and 3 are due to the
increased contents of uron-type and linear-type methylene-ether groups in these resins.
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Rheometeric Measurement Results of Resins Synthesized with the Three Synthesis
Procedures
Figures 4.10-4.15 show the comparison of rheometeric measurement results of gel
and cure times of resins synthesized with the three synthesis procedures. The general
trends of gel and cure times are very similar among the resins. At the lower temperature
(90 oC), UF resins synthesized with procedures 2 (Resin UF1.05e) and 3 (Resin
UF1.05ee) showed similar or slightly longer gel and cure times than that synthesized with
procedure 1 (Resin UF1.05) (Figure 10). However, at the higher temperatures (120 oC,
135 oC, and 145 oC), Resins UF1.05e and UF1.05ee showed shorter gel times than Resin
UF1.05. For UMF resins, at the lower temperature (90 oC), resins of procedure 3 showed
significantly longer gel times than resins of procedures 1 and 2.
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Gel times of UF resins synthesized with the three synthesis procedures
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Gel times of UMF resins with 2.5% melamine level synthesized with the
three synthesis procedures
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Gel times of UMF resins with 5.0% melamine level synthesized with the
three synthesis procedures
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Cure times of UF resins synthesized with the three synthesis procedures
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Cure times of UMF resins with 2.5% melamine level synthesized with the
three synthesis procedures
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Figure 4.15

Cure times of UMF resins with 5.0% melamine level synthesized with the
three synthesis procedures
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At higher temperatures (120 oC, 135 oC, and 145 oC), Resins 2.5%UMF1.05ee
and 5.0%UMF1.05ee showed similar or even shorter gel times than those of the other
UMF resins of procedure 1. This could indicate that uron-type methylene-ether groups
might breakup more easily at higher temperatures with evaporation of moisture from
resin and then participate in the curing process. The acidic catalysts used appear to be
strong enough to breakup methylene-ether bonds at high temperatures before the starting
of the resin curing process. Another possible reason may be that at higher temperatures,
the methylene-ether bonds breakup to release formaldehyde, which could react with the
catalyst to generate more acid to accelerate the resin curing.
Internal Bond Strengths of Resins Synthesized with the Three Synthesis Procedures
To compare the internal bond strengths of resins synthesized with the three
synthesis procedures, some typical particleboards, Boards No. 1, 5, 10, and 14, were
chosen from each chapter as shown in Table 4.2. Except the resins used in each board,
other board preparation parameters are the same.
Figure 4.16 shows the comparison of the internal bond strengths of boards bonded
by resins synthesized with the three synthesis procedures. Resins of procedure 2 showed
significantly higher IB values than those in procedure 1 indicating that the uron-type
methylene-ether groups improved the boards’ internal bond strength. The uron-type
methylene-ether groups could breakup in the hot-pressing of boards to participate in the
curing process and enhance the bonding of boards. The released formaldehyde could
react with urea or melamine to form hydroxylmethyl groups and form new crosslinking
bonds (Kandelbauer et al. 2009). The increased crosslinking bonds would provide
stronger networks in cured resins.
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Table 4.2
Board
No.

1
5
10
14

Preparation parameters of selected particleboards
Particleboard preparation parameters
Face-layer
Core-layer
Resin
Catalyst
Resin
Catalyst
Type Level
Type Level
(%)
(%)
UF1.05
UF1.05
A
0.5
A
0.5
UF1.05e
UF1.05e
UF1.05ee
UF1.05ee
UF1.05
2.5%UMF1.05
A
0.5
B
1.0
UF1.05e
2.5%UMF1.05e
UF1.05ee
2.5%UMF1.05ee
UF1.05
5.0%UMF1.05
A
0.5
B
1.5
UF1.05e
5.0%UMF1.05e
UF1.05ee
5.0%UMF1.05ee
5.0%UMF1.05
5.0%UMF1.05
B
0.5
B
1.0
5.0%UMF1.05e
5.0%UMF1.05e
5.0%UMF1.05ee
5.0%UMF1.05ee

Compared with those synthesized with procedure 2, resins in procedure 3 showed
higher IB values for boards No. 1 and 5; but lower IB values for boards No. 10 and 14.
Generally, the differences in IB values of boards between procedures 2 and 3 are small
and not as significant as the differences between procedures 1 and 2. Thus, procedure 3
does not provide any obvious advantage over procedure 2 in terms of internal bond
strength. The increased linear methylene-ether group contents in resins synthesized in
Procedure 3 did not effectively improve the resin bonding strength. It appears that
because of the high temperature, fast curing behavior of resins, the formaldehyde released
from breakup of methylene-ether bonds do not have enough time to be re-bonded to urea
or melamine components and thus they may be trapped in the cured resin. The
decomposed ether bonds might not have enough time to reform to methylene bonds
either. Therefore, the internal bond strengths were not improved.
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Internal bond (psi)
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Procedure 1

Board No.1

Figure 4.16

Procedure 2

Board No.5

Board No.10

Procedure 3

Board No. 14

Internal bond strengths of resins synthesized with the three synthesis
procedures

Particleboard Formaldehyde Content (FC) Values of Resins Synthesized with the
Three Synthesis Procedures
Figures 4.17 shows the comparison of formaldehyde content values of
particleboards pressed for 3.0 min, bonded with resins synthesized with the three
synthesis procedures. Four boards were chosen in the same way as discussed in IB
comparison section (Table 4.2) and the FC values of the boards pressed for 3 min were
chosen. For board No. 1, UF resins synthesized with procedures 2 (Resins UF1.05e) and
3 (Resin UF1.05ee) have obviously higher FC values than UF resin synthesized with
procedure 1 (Resin UF1.05). The increased FC values could be ascribed to the increased
contents of methylene-ether bonds (both uron-type and linear) in Resins UF1.05e and
UF1.05ee. Thus, the UF resin synthesis procedures 2 and 3 did not provide any
advantages over procedure 1 in terms of FC reduction. The similar trend is observed in
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board No. 5. For boards No. 10 and 14, resins synthesized with procedure 2 have lower
FC values than those with procedure 1.

FC value (mg /100g bd)

11
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6
5
Procedure 1

Board No.1

Figure 4.17

Procedure 2

Board No.5

Board No.10

Procedure 3

Board No.14

Particleboard formaldehyde content values of resins synthesized with the
three synthesis procedures (pressed for 3.0 min)

The formaldehyde released from decomposed methylene-ether bonds appeared to
be partially captured by the melamine in the UMF resin and this effect is not obvious at
lower melamine level, 2.5%, as observed in board No. 5. For boards No. 10 and 14,
resins synthesized with procedure 3 showed slightly higher FC values than those with
procedure 2. The difference could be ascribed to the increased content of linear
methylene-ether groups in resins of procedure 3. Thus, it is concluded that the effects of
the increased methylene-ether group contents in resins synthesized with procedures 2 and
3 are responsible for the increased FC of boards. However, the melamine levels used in
UMF resins might be too low to effectively capture enough formaldehyde.
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Conclusion
Various UF and UMF resins were synthesized with the three different synthesis
procedures, the typical three-step procedure, the typical three-step procedure modified
with an inclusion of a strong acid reaction step with a F/U mole ratio of 2.7 in the
beginning, and the typical three-step procedure modified with an inclusion of an extended
acidic reaction step to a higher viscosity point of H-I by G-H scale by using an F/U mole
ratio of 2.6 instead of a mole ratio of 2.7 and E-F viscosity by G-H scale used in the
second procedure. The melamine additions of 2.5% and 5.0% levels were made at the
beginning of the last step before the addition of the last urea. These resins were tested by
13

C NMR, rheometer, and other methods and evaluated as particleboard binders. Three-

layer particleboards were prepared with the resins catalyzed with various catalysts and
levels, applied in face and core layers. The board test results were compared.
As NMR results showed, only about slightly more than half of added melamine
had reacted with formaldehyde to form hydroxymethylmelamines. UMF resins neede to
be catalyzed with stronger catalysts at suitable levels depending on melamine levels and
on which layer of particleboard the UMF resins are to be applied. Even catalyzed with a
stronger catalyst, the curing rates of UMF resins were still slower than UF resins, but the
pot lives, internal bond strength, and water resistance were higher. Moreover, resins
synthesized in procedures 2 and 3 showed obviously longer storage times, longer pot
lives, and longer gel times, and the particleboards bonded with these resins showed
significantly improvements in internal bond strength and water absorption values but the
formaldehyde contents increased.
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These results indicated that linear methylene-ether groups in UF resins
decompose in the hot-pressing of boards to emit formaldehyde. Most of the formaldehyde
emitted is not captured back into the UF resin matrix. Uron-type methylene-ether groups
formed in procedures 2 and 3 decompose in the hot-pressing of boards to participate in
the curing process and enhance the bonding of boards, but it could also emit extra
formaldehyde which may not be effectively captured by UF resins. However, the
formaldehyde emitted during hot-pressing of boards could be more effectively captured
by melamine in UMF resins if the amount of melamine is high enough because of the
increased reactive capacities of melamine. Therefore, the 5.0% melamine level in UMF
resin was concluded to be more effective than 2.5% melamine level in terms of
formaldehyde emission reduction.
The formaldehyde contents of UF resins have been considered to be coming from
the free formaldehyde present in liquid resins and the reverse reaction of
hydroxylmethylation which produce free formaldehyde during hot-pressing of boards.
However, the results of this research offered a new hypothesis that the linear methyleneether bonds in UF resins might be a major contributor of the high free formaldehyde
content in boards. Decreasing the linear methylene-ether groups contents might
effectively bring down the formaldehyde contents of boards. As there is no reported resin
synthesis method that effectively lowers the linear methylene-ether groups contents in the
resin, future research on this direction should be worthwhile to address the long-lasting
formaldehyde emission problems of wood composite boards.
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APPENDIX A
PARTICLEBOARD PRESS PROGRAM
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Press ID..: MSU
Density…: 50 lb/ft3
Unites: IMPERIAL
SEG
CONTROL
1
PRESSURE
2
POSITION
3
POSITION
4
POSITION
5
POSITION
6
POSITION
7
POSITION
8
POSITION
9
PRESSURE
10
PRESSURE
11
PRESSURE
12
POSITION

Mat Length: 22.0 in.
Thickness: 0.50 in.
Pressure: MAT
SET POINT SEG TIME
1950.1 psi
20 s
1.0
in.
9s
0.85
in.
5s
0.75
in.
3s
0.65
in.
9s
0.55
in.
11 s
0.5
in.
11 s
0.5
in.
180 s
0
psi
10 s
0
psi
10 s
0
psi
10 s
15.0
in.
10 s
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Mat Width: 24.0 in.
Caul Thick: 0.12 in.
Position: THICKNESS
END CONDITION

Run time 210 s

APPENDIX B
PANEL CUTTING DIAGRAM FOR BOARD SAMPLES USED IN TESTING OF
PHYSICAL AND MECHANICAL PROPERTIES AND FORMALDEHYDE
CONTENTS
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APPENDIX C
FORMALDEHYDE CONTENT MEASUREMENTS
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Formaldehyde contents were measured using perforator extraction method
according to European standard method DIN EN 120. Before the measurement, samples
were cut to dimensions of 1 cm × 1 cm × 1.27 cm and weighed for about 100 g. These
blocks were transferred to a round bottom flask, and 600 mL toluene was added. The
flask was connected to the perforator and about 1000 mL distilled water was added to the
perforator column. A space of 20–30 mm between the surface of water and the siphon
outlet was left. The condenser, conical trap adaptor, and bulbed tube were then connected
to the perforator column. About 200 mL distilled water was put in a conical trap flask
which was then connected to the apparatus (Figure C.1). Then, the heating was started
and the cooling water of condenser was turned on. The toluene was heated to boil and the
toluene gas travelled through the side tube of the perforator column to the condenser. The
formaldehyde in the boards was extracted by the toluene and carried by the toluene vapor
to the condenser. Both toluene and formaldehyde were condensed by cooling water and
dropped on the funnel and was carried to the glass filter insert at the bottom. The toluene
and formaldehyde mixtures came up from the bottom of filter insert in fine bubbles to the
surface of the water layer. The formaldehyde was absorbed by the water layer. The
collected toluene floated on the top of the water layer and flowed back to the round
bottom flask through the side tube of the perforator. The extraction was carried out for
about 2 hours beginning from the onset of bubbling with a reflux rate of 70–90 drops of
toluene per minute.
Then the heating was turn off and the whole assembly was waited to cool down.
Both the water in the perforator column and in the conical flask was transferred to a
volumetric flask. The perforator column and the conical flask were rinsed twice with
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distilled water. The rinsed water was also transferred to the volumetric flask. Extra
distilled water was added to the volumetric flask to make the distilled water up to 2000
mL.
The formaldehyde content in the extracted solution was determined
photometrically using the acetylacetone method. The specific procedures were: 10 mL
extracted formaldehyde solution was pipette and added to 10 mL acetylacetone solution
and 10 mL ammonium acetate solution in a 50 mL flask (The acetylacetone solution was
prepared by adding 4 mL acetylacetone to 1000 mL diluted water in a volumetric flask.
The ammonium acetate solution was made by adding 200 g ammonium acetate to a 1000
mL volumetric flask and making up to the mark with distilled water). The flask was
stoppered, shaken, wrapped with aluminum foil to protect against light, and put in a 60 oC
water bath for 15 minutes. The solution was cooled for 1 hour and the color formation
was determined at a wavelength of 412 nm against blank using a spectrophotometer. A
blank test was conducted using 10 mL distilled water instead of extracted formaldehyde
solution.
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Figure C.1

Extraction apparatus for the perforator extraction test

1. Conical adaptor, 2. Condenser, 3. Conical adaptor, 4. Filter insert, 5. Perforator
column, 6. (Double) Bulb tube, 7. Conical flask, 250 mL, 8. Conical adaptor, 9. Round
bottom flask, 1000 mL with socket.
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APPENDIX D
INTEGRATION VALUES FOR VARIOUS METHYLENIC AND CARBONYL
CARBONS OF RESIN SAMPLES DETERMINED FROM 13C NMR SPECTRA IN
CHAPTER I
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Carbon Groups
Free urea
Monosubstituted urea
Di, trisubstituted urea
Cyclic urea
Total urea
Free melamine
Mono, di–sub melamine
Total melamine
Free formaldehyde
Total hydroxylmethyl
Type I
Type II
Total methylene–ether
Type I
Type II
Type III
Total methylene
Type I
Type II
Type III
Total CH2

Resin UF1.05
100.00
149.49
204.38
13.89
467.76

2.86
207.12
164.82
42.3
85.72
56
21.97
7.75
182.66
71.52
95.46
15.68
478.36
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Resin 5% UMF1.05
100.00
175.71
206.03
17.2
498.94
36.52
44.59
81.11
2.59
243.48
211.9
31.58
97.28
66.61
20.1
10.51
202.7
85.66
97. 7
19.34
546.05

APPENDIX E
INTEGRATION VALUES FOR VARIOUS METHYLENIC AND CARBONYL
CARBONS OF RESIN SAMPLES DETERMINED FROM 13C NMR SPECTRA IN
CHAPTER II
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Carbon Groups
Free urea
Monosubstituted urea
Di, trisubstituted urea
Cyclic urea
Total urea
Free melamine
Mono, di–sub melamine
Total melamine
Free formaldehyde
Total hydroxylmethyl
Type I
Type II
Total methylene–ether
Type I
Type II
Type III
Total methylene
Type I
Type II
Type III
Total CH2

Resin UF1.05e
100.00
141.58
182.58
18.28
442.44

4.41
189.67
152.79
36.88
87.42
50.03
22.4
14.99
171.57
64.35
87.6
19.62
453.07
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Resin 5% UMF1.05e
100.00
166.04
188.8
20.72
475.56
36.66
41.63
78.29
2.13
218.51
190.8
27.71
92.92
58.35
19.43
15.14
184.91
75.26
89.85
19.8
498.47

APPENDIX F
INTEGRATION VALUES FOR VARIOUS METHYLENIC AND CARBONYL
CARBONS OF RESIN SAMPLES DETERMINED FROM 13C NMR SPECTRA IN
CHAPTER III
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Carbon Groups
Free urea
Monosubstituted urea
Di, trisubstituted urea
Cyclic urea
Total urea
Free melamine
Mono, di–sub melamine
Total melamine
Free formaldehyde
Total hydroxylmethyl
Type I
Type II
Total methylene–ether
Type I
Type II
Type III
Total methylene
Type I
Type II
Type III
Total CH2

Resin UF1.05ee
100.00
142.58
186.48
17.14
446.2

2.49
201.23
164.27
36.96
91.2
56.93
21.4
12.87
162.97
61.34
83.94
17.69
457.89
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Resin 5% UMF1.05ee
100.00
166.32
187.86
19.69
473.87
37.83
41.98
79.81
2.65
224.64
197.14
27.5
103.59
66.3
20.69
16.6
182.34
73.47
89.19
19.68
513.21

APPENDIX G
FORMALDEHYDE CONTENT AND MECHANICAL PROPERTY TEST RESULTS
OF PARTICLEBOARDS IN CHAPTER I (PRESSED FOR 3.0 MIN)
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Board number refers to the numbers in the previous Table 1.1.

APPENDIX H
FORMALDEHYDE CONTENT AND MECHANICAL PROPERTY TEST RESULTS
OF PARTICLEBOARDS IN CHAPTER I (PRESSED FOR 3.5 MIN)
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Board number refers to the numbers in the previous Table 1.1.

APPENDIX I
FORMALDEHYDE CONTENT AND MECHANICAL PROPERTY TEST RESULTS
OF PARTICLEBOARDS IN CHAPTER 2 (PRESSED FOR 3.0 MIN)
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Board number refers to the numbers in the previous Table 2.1.

APPENDIX J
FORMALDEHYDE CONTENT AND MECHANICAL PROPERTY TEST RESULTS
OF PARTICLEBOARDS IN CHAPTER 2 (PRESSED FOR 3.5 MIN)
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Board number refers to the numbers in the previous Table 2.1.

APPENDIX K
FORMALDEHYDE CONTENT AND MECHANICAL PROPERTY TEST RESULTS
OF PARTICLEBOARDS IN CHAPTER 3 (PRESSED FOR 3.0 MIN)
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Board number refers to the numbers in the previous Table 3.1.

APPENDIX L
FORMALDEHYDE CONTENT AND MECHANICAL PROPERTY TEST RESULTS
OF PARTICLEBOARDS IN CHAPTER 3 (PRESSED FOR 3.5 MIN)
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Board number refers to the numbers in the previous Table 3.1.

